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ABSTRACT
A LANDSCAPE GENETICS APPROACH FOR COMPARING CONNECTIVITY ACROSS
THE RANGE OF THE NEW ENGLAND COTTONTAIL
by
Katrina Papanastassiou
University of New Hampshire, May, 2015

Habitat connectivity is vital for dispersal and metapopulation persistence. Land use
change and landscape modification alter the distribution and availability of habitat, thereby
altering connectivity and impeding organisms’ dispersal abilities. Reduction of connectivity is a
concern for the New England cottontail (Sylvilagus transitionalis), a species of high conservation
priority that has experienced a dramatic decline of its required shrubland habitat. To better
understand New England cottontail connectivity, I used a landscape genetics approach to assess
the impact of landscape features on cottontail dispersal in two geographically isolated study
areas, one in southern Maine-seacoast New Hampshire and the other in eastern Massachusetts on
Cape Cod. I also assessed genetic diversity and structure within the Cape Cod population and
compared the effectiveness of two panels of microsatellite loci for identifying polymorphism
within this study area. To infer dispersal patterns, I used estimates of gene flow evaluated in
relation to landscape features. I compared genetic distances calculated from microsatellite
genotyping and resistance distances determined from least cost path algorithms using Mantel
tests and mixed effect modeling. I tested a priori hypotheses about the influence of barrier
features – roads, development, open water, forest, and fields – and facilitating features –
x

roadsides, powerlines, scrub-shrub habitat, wetlands, pine barrens, and LiDAR-derived
shrubland habitat – on cottontail dispersal. I used circuit analyses to identify long-distance
movement corridors between isolated populations.
New England cottontails on Cape Cod comprised one, admixed population. I found
signatures of a bottleneck, reduced genetic diversity, and low effective population sizes, as well
as fine-scale spatial structuring indicating restricted dispersal in the Cape Cod cottontails. These
findings suggest that the long-term persistence of this population may be at risk, without
augmentation via translocation or releases of captive-bred rabbits. Unlike other specialist species
that display generalist dispersal patterns, New England cottontails across all study areas were
dependent upon scrub-shrub habitat for dispersal. This included both natural (scrub-shrub
patches and wetlands) and anthropogenically maintained (e.g., powerlines, roadsides) scrubshrub habitat. The relative effect of landscape features on gene flow differed among study areas
according to differences in landscape composition and fragmentation levels. In general, models
that were composed of barrier features were most strongly correlated with gene flow for all study
areas, although models that were comprised of facilitating features influenced gene flow in more
connected landscapes. These results demonstrated that fragmentation influences gene flow
patterns. My results also showed that roads have dual effects as both barriers and facilitators of
gene flow for early successional habitat specialists. Linear scrub-shrub elements such as
roadsides and powerline right-of-ways were important features linking patches and
geographically isolated populations. Given the small amount (<5%) of available scrub-shrub
habitat in the landscapes occupied by New England cottontails, these anthropogenic linear
features are key areas for restoring habitat and landscape connectivity. The New England
Cottontail Conservation Strategy, which is focused on restoring habitat to expand remaining
xi

New England cottontail populations, can use the results of this study to identify and prioritize
management areas that will improve habitat connectivity across the landscape.

xii

INTRODUCTION

Landscape connectivity is vital for species persistence, as it facilitates the movement of
individuals and their genes, as well as ecological processes and resources, through the landscape
(Tischendorf and Fahrig 2000). Landscape modification and habitat fragmentation disrupt the
connectivity of natural landscapes, with major biodiversity consequences (Crooks and Sanjayan
2006; Fischer and Lindenmayer 2007). The structural component of connectivity arises from the
composition and configuration of the landscape, which in turn influences a species' dispersal
patterns and determines the functional connectivity of that landscape (Calabrese and Fagan
2004). Despite its importance to connectivity, dispersal is one of the most elusive aspects of
population ecology and an important research priority in conservation biology (Tischendorf and
Fahrig 2000; Lindenmayer et al. 2008; Sutherland et al. 2013).
Genetic data provide an excellent means of assessing functional connectivity, as gene
flow is the successful outcome of dispersal movements (Storfer et al. 2007; Murphy et al. 2011).
Genetic data can be combined with geospatial and statistical tools to investigate landscape
influences on dispersal (Manel et al. 2003; Manel and Holderegger 2013). From a species'
perspective, the landscape is likely viewed as a continuum of resistance to movement, with
certain features offering low resistance and others acting as strong barriers (Wiens et al. 1995;
Lindenmayer et al. 2003). The "resistance value" refers to the species-specific difficulty of
moving through that land cover type (Adriaensen et al. 2003). These values are identified via
expert opinion or empirical data (Balkenhol et al. 2009) and can be used to model landscape
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influences on dispersal. This type of landscape genetics approach (Manel et al. 2003; Manel and
Holderegger 2013) has powerful applications for identifying landscape features that impede or
facilitate dispersal as well as for detecting potential movement corridors and informing
restoration efforts (Garroway et al. 2008; Spear et al. 2010; Shirk et al. 2010; Montgelard et al.
2014).
The goal of using species-specific dispersal knowledge to restore connectivity has
important implications for declining species and habitats. Most studies to date have focused on
the connectivity of forest-dwelling species (Collinge 2009; Pinto and Keitt 2009). In the
northeastern United States, however, mature forest is the dominant land cover type (Alig and
Butler 2004), while other habitats, such as shrubland, are declining in area and are highly
fragmented (Brooks 2003; Litvaitis 2003). Scrub-shrub (also called early-successional or thicket
habitat) reached a peak during the early 20th century, after abandonment of agricultural lands.
Subsequent changes in land use and management practices have resulted in the loss of these
habitats, as they have either been eliminated by development or transitioned to latersuccessional, mature forest (Litvaitis et al. 2006; Buffum et al. 2011). Many species reliant on
early-successional habitat are also in decline, mirroring the loss of habitat (Schlossberg and King
2007).
One of the most threatened early successional habitat specialists is the New England
cottontail (Sylvilagus transitionalis) – the only rabbit native to the northeastern U.S. Populations
of New England cottontail have been in decline in recent decades. A recent range-wide survey
found that New England cottontails occupy only 14% of the species’ historic range and only
occur within five geographically (Litvaitis et al. 2006) and genetically (Fenderson et al. 2011)
isolated populations. These geographic populations are located in southern Maine and
2

southeastern New Hampshire, central New Hampshire, eastern Massachusetts on Cape Cod,
eastern Connecticut and Rhode Island, and western Connecticut and New York. More recent
research suggests that additional decline is ongoing in some portions of the species’ range and
that finer scale population subdivisions likely occur within each geographic region, due to
isolation and fragmentation (Fenderson et al. 2011, 2014; Brubaker et al. 2014).
Due to the decline in habitat and population numbers, the New England cottontail has
been a candidate for listing under the Endangered Species Act since 2006 (USFWS 2009). As a
result, managers and biologists have formed a New England cottontail Conservation Strategy for
the purpose of restoring habitat to bolster and expand remaining New England cottontail
populations. The states participating in the Conservation Strategy have each set habitat
restoration goals. For these goals to be effective in the recovery of New England cottontail
populations, however, habitat must be restored in such a way that metapopulation functions are
maintained and improved. Landscape context significantly influences functional connectivity
(Calabrese and Fagan 2004), and previous work suggests that certain landscape elements have
varying effects on New England cottontail dispersal depending on study location (Tash and
Litvaitis 2007; Fenderson et al. 2014). To what extent landscape features affect dispersal across
the range of the New England cottontail is still unknown and one of the main questions that
remains to be answered is: "What is the best way to link fragmented populations so that gene
flow continues and the New England cottontail population as a whole remains robust and
healthy?" (Fuller and Tur 2012). To address this question, detailed understanding of cottontail
dispersal in relation to the landscape is needed. Evaluating landscape resistance patterns across
multiple, replicated landscapes is important for identifying the consistency of genetic responses
to landscape features across a species' range (Short Bull et al. 2011). Identifying such
3

consistencies of genetic responses to landscape features as well as the factors that underpin
variability in dispersal patterns across a species' range can provide important insight for
conservation management (Manel and Holderegger 2013).
This study investigated landscape influences on dispersal within the Maine-New
Hampshire and Cape Cod populations of New England cottontail. These populations have a
history of isolation but differ in terms of landscape composition and study area extent. The
Maine-New Hampshire population (Figure 1.1) extends from seacoast New Hampshire
northward, along the coast, to Scarborough, Maine and westward to Eliot and Berwick, Maine. It
is comprised of three distinct subpopulations. The Maine-New Hampshire landscape is heavily
forested with numerous wetlands and localized areas of high development. Within this
landscape, the shrubland habitat preferred by cottontails is sparse and patchily distributed,
encompassing only 3-5% of the study area. The level of fragmentation differs, however, within
each subpopulation. The Cape Elizabeth metapopulation, which is southeast of the city of
Portland, Maine, consists of a network of relatively close habitat patches and harbors the highest
density of New England cottontails in this geographic area. In the southern most portion of
Maine, two genetically distinct subpopulations, Kittery East and West, are separated by I-95
(Fenderson et al. 2014). Kittery East encompasses cottontails to the east of I-95, spanning along
the coast from Kittery to Wells, Maine. The Kittery West metapopulation is located to the west
of I-95 and includes the towns of Dover and Rollinsford, NH and Eliot and the Berwicks in
Maine. The Piscataqua River, which delineates the Maine-New Hampshire border, acts as a
partial barrier to dispersal, separating individuals within Kittery West (Fenderson et al. 2014).
The Cape Cod population (Figure 2.1) inhabits a landscape dominated by roads, development,
forest, pine-barrens habitat, and very few inland wetlands. Due to the sandy soils on Cape Cod,
4

pine barrens are the dominant vegetation type; this habitat includes pitch pine and scrub oak,
which are both thought to be suitable for New England cottontails. As such, potential New
England cottontail habitat comprises almost 25% of the Cape Cod landscape. It is unclear,
however, what effect pine barrens may have on cottontail dispersal. The extent of the study area
on Cape Cod is approximately the same size as the Kittery West study area. The goal of this
study was to assess landscape influences on New England cottontail gene flow within each of
these study areas and make comparisons across populations. I predicted that landscape context,
specifically the degree of fragmentation, would affect the relative influence of each landscape
feature on New England cottontail dispersal, but that certain features would consistently shape
New England cottontail movement patterns, regardless of landscape location. To test this
prediction, I used a landscape genetics approach and compared results across the study areas to
determine consistencies in landscape influences on New England cottontail gene flow.
My specific objectives, hypotheses and predictions were:
1. Identify landscape features that act as important facilitators and barriers to New
England cottontail dispersal. I used a landscape genetics approach to evaluate
landscape influences on gene flow within and across the Maine-New Hampshire
subpopulations (Chapter 1) as well as differences between the Maine-New Hampshire
and Cape Cod populations (Chapter 2).
Hypotheses:
1) Major roads, development, water, open fields, and mature forests will act as
barriers to dispersal, while wetlands, scrub-shrub landcover, and other
shrubby habitat features, such as powerlines and roadsides, will facilitate
dispersal
2) Barrier landscape features will predict gene flow in the more fragmented
landscape and facilitating features will be more influential in the less
fragmented landscape
3) Pine barrens habitat will be a strong predictor of gene flow on Cape Cod
2. Identify movement corridors and key areas for restoration across the Maine-New
Hampshire population. I compared results from two landscape modeling analyses to
identify likely dispersal pathways (Chapter 1).
5

Hypotheses:
1) The powerline corridor parallel to I-95, which supported New England
cottontail occupancy in the recent past, will be the major corridor linking the
Cape Elizabeth and Kittery subpopulations
3. Identify fine-scale population structure of New England cottontails on Cape Cod. I
conducted population genetic analyses to investigate patterns of genetic clustering,
bottlenecks, and spatial autocorrelation to assess the population structure and history of
the Cape Cod cottontails (Chapter 2).
Hypotheses:
1) Due to the high proportion of pine barrens, there will be one, highly connected
population on Cape Cod
2) The population will exhibit signatures of a bottleneck consistent with previous
findings of Fenderson et al. (2011)
4. Evaluate landscape influences on gene flow within each of the subpopulations
identified in Objective 3. I followed the same landscape genetics methods outlined in
Chapter 1 to assess landscape influences on cottontail gene flow on Cape Cod (Chapter
2).
Hypotheses:
1) Roads and development will act as strong barriers to dispersal, while
scrub/shrub and pine barrens habitats will act as facilitators. Wetlands will
have little influence on gene flow, due to their minimal presence on the
landscape.
2) Roads will have a dual influence on gene flow due to the shrubby habitat
maintained along roadsides providing movement corridors.

6

CHAPTER 1

FUNCTIONAL CONNECTIVITY OF AN EARLY SUCCESSIONAL SPECIALIST IN A
HETEROGENEOUS LANDSCAPE1

Abstract

Context Landscape modification and habitat fragmentation disrupt the connectivity of natural
landscapes, with major consequences for biodiversity. Species that require patchily distributed
habitats must disperse through a landscape matrix with unsuitable habitat types.
Objective We evaluated landscape effects on dispersal of an early successional obligate, the New
England cottontail (Sylvilagus transitionalis). We compared dispersal in relation to landscape
structure and composition at two spatial scales and fragmentation levels.
Methods We applied a landscape genetics approach to identify barriers and facilitators of gene
flow and identify connectivity corridors for a population of cottontails in the northeastern United
States. We evaluated landscape features using univariate and multivariate models of gene flow.
Results Roads had a dual influence on dispersal, acting as both barriers and facilitators at all
spatial scales. The relative influence of matrix habitats differed between study areas according to
landscape composition. Facilitating features explained gene flow in the less fragmented site and
barrier features had higher explanatory power in the more fragmented site. The inclusion of
LiDAR-identified shrubland habitat improved the fit of our facilitator models. Circuit and least
cost path analyses identified minimal long-distance dispersal routes and revealed the importance
of linear facilitating features for connectivity.
Conclusions Unlike some habitat specialists with generalist dispersal patterns, the New England
cottontail requires shrubland habitat for both occupancy and dispersal. In fragmented landscapes,
human-modified habitats may enhance functional connectivity by providing suitable dispersal
conduits for early successional specialists.
Keywords: fragmentation, LiDAR, Sylvilagus transitionalis, early successional habitat,
landscape genetics, connectivity, dispersal

1

Katrina Papanastassiou, Michael Palace, Kathleen M O'Brien, Lindsey Fenderson, and Adrienne Kovach.
Manuscript submitted for review in Landscape Ecology.
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Introduction
Landscape connectivity is vital for species persistence as it facilitates the movement of
individuals and their genes and facilitates ecological processes and resources through the
landscape (Tischendorf and Fahrig 2000). Landscape modification and habitat fragmentation
disrupt the structural connectivity of natural landscapes, with major consequences for
biodiversity (Crooks and Sanjayan 2006; Fischer and Lindenmayer 2007). It is a major research
priority to understand how anthropogenic changes affect species’ dispersal patterns and the
resulting functional connectivity of the landscape (Lindenmeyer et al. 2008). To this end, a
landscape genetics approach (Manel et al. 2003; Manel and Holderegger 2013) has powerful
applications for identifying landscape features that impede or facilitate dispersal as well as for
detecting potential movement corridors and informing restoration efforts (Spear et al. 2010;
Shirk et al. 2010; Garroway et al. 2008; Montgelard et al. 2014).
Connectivity research to date has focused disproportionately in forested landscapes
(Storfer et al. 2010). Yet issues of connectivity are paramount to species living in naturally
patchy, ephemeral, and non-forested habitats (Laurence et al. 2013; Pereoglou et al. 2014). The
spatial configuration of patchily distributed habitat poses connectivity challenges, and species
dependent on these habitat types are likely to respond to landscape features differently than
generalist species (Wang et al. 2008; Spear et al. 2010). Landscapes consisting of early
successional (shrubland) habitats are ideal for investigating fragmentation effects on animal
dispersal. These ephemeral habitats are patchy by nature and occur in a heterogeneous landscape
comprised of a diversity of habitats, many of which are inhospitable to early successional
specialists. Due to a loss of natural disturbance regimes, land use change, and anthropogenic
landscape modifications, early successional habitats are on the decline in the northeastern U.S.
8

(Brooks 2003; Litvaitis 2003; Lorimer and White 2003). Species reliant on these declining
habitats face consequences of habitat loss and fragmentation, including population isolation and
decline (Andren1994; Fahrig 2003; Keyghobadi 2007; Schlossberg and King 2007).
In these fragmented early successional systems, where shrubland habitat is limited,
functional connectivity may be maintained by anthropogenic habitats that provide suitable
dispersal conduits. For example, areas in which periodic human activity such as mowing or
cutting occurs may hinder forest succession and provide consistent early successional habitat.
These modified habitats often occur in narrow, linear strips, such as along roadsides or utility
lines, and may provide movement corridors for shrubland species (Underhill and Angold 1999,
Bissonette and Rosa 2009; Laurence et al. 2013), much like riparian corridors can provide
dispersal pathways for aquatic species (Mullen et al. 2010). Roads and other linear landscape
features typically thought to be barriers to animal movement (Forman 2003; Balkenhol and
Waits 2009) may therefore facilitate movement in some species or act as both dispersal barriers
and facilitators within a single species (Crooks and Sanjayan 2006), depending on landscape
context (Fenderson et al. 2014).
The matrix surrounding early successional habitat patches may also contain natural
habitat types or landscape features that, while not optimal for species’ occupancy, may enhance
connectivity by providing stepping-stone patches for dispersal. Such features may include
wetlands with herbaceous cover, grasslands, agricultural lands, and old fields. Whether these less
densely vegetated habitat types provide suitable cover to facilitate connectivity of early
successional habitat specialists remains unknown and likely varies with the degree of the
organism’s habitat specialization.

9

A model organism for studying connectivity in heterogeneous landscapes and
investigating fragmentation effects on dispersal is the New England cottontail rabbit (Sylvilagus
transitionalis). An early-successional-habitat obligate, the New England cottontail exhibits
metapopulation dynamics due to the patchily distributed nature of its preferred thicket habitat
(Litvaitis and Villafuerte 1996). Along with many other shrubland specialists, the New England
cottontail has experienced recent population decline, mirroring the loss of its habitat (Litvaitis et
al. 2006; Schlossberg and King 2007). It is a species of greatest conservation need in every state
in which it occurs, listed as endangered in the states of Maine and New Hampshire (MDIFW
2007; NHFG 2008), and a candidate for federal listing under the endangered species act (USDOI
2013). Remnant populations of New England cottontails today occupy less than 14% of their
historic range and less than 10% of the remaining habitats within this range (Litvaitis et al.
2006). These remaining habitats are small and discontinuous and exist within gradients of
fragmentation resulting from ongoing anthropogenic landscape modifications. Focusing in this
study system enables us to develop testable hypotheses about the functional connectivity of an
early successional habitat specialist and to generate knowledge to guide restoration activities for
this threatened species. To this end, the primary goal of this study was to evaluate the landscape
matrix features and potential dispersal habitats in relation to New England cottontail gene flow
and in the context of landscape heterogeneity and fragmentation.
We used a landscape genetics approach with least cost path and circuit theoretic analyses
and linear mixed effects models to model observed dispersal patterns in relation to landscape
structure. Based on previous research as well as expert opinion, we hypothesized that major
roads, development, water, open fields, and mature forests would act as barriers to dispersal,
while wetlands, scrub-shrub landcover, and other shrubby habitat features such as powerlines
10

and roadsides would facilitate dispersal. To evaluate the dual influence of roads as both barriers
and facilitators, we developed a model that simultaneously accounted for these opposing effects
on dispersal. We also included a model with LiDAR-detected habitat and predicted that it would
improve facilitator model fits. We evaluated landscape heterogeneity and fragmentation effects
by comparing two metapopulations occupying landscapes with different compositions and
configurations. We hypothesized that barrier landscape features would predict gene flow in the
more fragmented landscape and facilitating features would be more influential in the less
fragmented landscape. Lastly, we used the results of our landscape genetics analyses to identify
movement corridors and key areas for restoration within and between the two study areas.

Methods
Study system
Once widespread throughout the New England states and eastern New York, New England
cottontails today are found in five geographically isolated and genetically distinct populations
located in southern Maine and southeastern New Hampshire, central New Hampshire, eastern
Massachusetts on Cape Cod, eastern Connecticut and Rhode Island, and western Connecticut and
New York (Litavitis et al. 2006; Fenderson et al. 2011). At the northern extent of the species
range, the geographically isolated group of cottontails in southern Maine and New Hampshire
has been the subject of recent occupancy (Brubaker et al. 2014) and population genetic
(Fenderson et al. 2014) studies. Cottontails in this region have experienced range contraction and
population bottlenecks, and they have reduced genetic diversity relative to cottontails in other
portions of the species’ range (Fenderson et al. 2011, 2014). They occupy a landscape in which
remaining habitat patches are small (ranging from 2-35 ha, mean = 5 ha) and fragmented by
11

development and inhospitable habitat. In previous research, major highways and large
waterbodies were found to impede dispersal and isolate metapopulations, and the shrubby habitat
along roadsides, railroad beds and utility corridors to facilitate cottontail dispersal within
populations (Fenderson et al. 2014). The importance of these linear dispersal barriers and
facilitators relative to the landscape matrix, however, is unknown, as are the principal factors that
influence gene flow in this system.
Within this landscape, cottontails occupy remnant patches primarily in two
geographically distinct areas. A northern metapopulation in Cape Elizabeth, southeast of the city
of Portland, Maine, consists of a network of relatively close habitat patches, within a spatial
extent of 8 by 13 km. This region has a higher density of New England cottontails than the
southern site, and it is characterized by suburban development with an agricultural past. It is
comprised of a heterogeneous matrix of landcover types dominated by forest and suburban
development but has no major highways or other high traffic volume roads. The second occupied
area (hereafter referred to as "Kittery") is 30 km south, encompassing the towns of Kittery, York,
and the Berwicks in Maine and Dover, New Hampshire, with a spatial extent of 18 by 23 km.
The southern landscape is predominantly rural/agricultural. Cottontail densities are lower in
Kittery, and habitat patches are, on average, smaller and more widely dispersed than those in
Cape Elizabeth. The proportion of the landscape comprised of dominant landcover features
differs between the two populations, with more development and wetlands in the Cape Elizabeth,
and more forest and roads in Kittery (Table 1.1). Scrub-shrub, the preferred cottontail habitat,
comprises 3.9 – 4.6% of each landscape. These two populations are genetically distinct with no
current gene flow between them, although historically there were occupied intervening patches
(Fenderson et al. 2014). Cottontails in Kittery are further subdivided to the east and west by
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Interstate 95 (I-95), as well as east and west of the Piscataqua/Salmon Falls River, which forms
the boundary between Maine and New Hampshire. Another small, isolated group of cottontails
occurs on a few patches in Wells, Maine, located roughly halfway between the primary groups
(Figure 1.1).
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Figure 1.1: New England cottontail individuals (black points) in the Maine/New Hampshire
population, , including delineation of the two analysis regions. I-95 (easternmost road – black
line) acts as an East/West barrier, partitioning the southern individuals into 2 metapopulations.
Landcover: Gray = development, blue = water, green = forest and forested wetlands, orange =
fields, yellow = scrub/shrub and scrub/shrub wetlands
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Table 1.1: Proportion of each landscape comprised by specific landcover types.Road
percentages indicate the overall proportion of landscape that they cover and their coverage
overlaps with that of other landcover types.
Landcover
Kittery
Cape Elizabeth
Full study area
11.2%
28.6%
14.7%
Development
11.1%
8.9%
12.0%
Fields
58.8%
33.9%
54.3%
Forest
4.6%
3.9%
4.7%
Scrub/Shrub
7.4%
9.3%
8.0%
Forested Wetlands
1.5%
1.1%
1.5%
Scrub/Shrub Wetlands
1.0%
2.1%
1.1%
Palustrine Emergent Wetlands
1.0%
9.2%
1.7%
Estuarine Emergent Wetlands
3.3%
3.1%
2.1%
Water
25.3%
14.3%
24.9%
Roads
NA
1.1%
NA
LiDAR-detected 1-3 m vegetation
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Sampling and genetic data
For this study, we used a previously published microsatellite genotyping dataset,
consisting of genotypes at 11 loci of 137 individuals sampled during intensive, systematic, fecal
pellet surveys of occupied patches in this study area (see Fenderson et al. 2014 for details of
sampling and genotyping and Figure 1.1 for sampling locations). For identifying and comparing
landscape influences on gene flow, we focused separately on the two primary geographic areas
(Cape Elizabeth, n= 84 and Kittery, n= 48 – excluding the 5 individuals in Wells). To identify
movement corridors among populations, we used all samples (n=137 total). To estimate gene
flow among cottontails, we used two individual pairwise genetic distance metrics – Rousset's a
(Rousset 2000) and Dps (Bowcock et al. 1994), which we calculated for all pairs of cottontails
within each geographic area, separately. Rousset's a was calculated in Spagedi (v1.4, Hardy and
Vekemans 2002) and Dps was calculated in Microsatellite Analyzer (MSA 4.05; Dieringer and
Schlötterer 2002). Euclidean distances were calculated in R (R Core Team 2013).

Landscape variables
We used a least cost path approach (Adriaensen et al. 2003) to evaluate landscape influences on
New England cottontail gene flow. To inform our choice of landscape variables and their
hypothesized effects on dispersal, we consulted an expert opinion habitat suitability model
developed for the Maine Connectivity – Beginning with Habitat Project (B. Charry, K. Boland,
K. O’Brien, L. Fenderson, unpublished). Eleven landscape variables were selected for their
hypothesized ability to impede or facilitate dispersal: roads, development, fields, forest, water,
scrub/shrub habitat, forested wetlands, palustrine scrub/shrub wetlands, estuarine emergent
wetlands, and palustrine emergent wetlands. In addition, roadsides, powerline rights of way, and
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railroads, which are comprised of shrubby habitat, were mapped individually as well as
considered together as linear facilitating features.
Landcover variables were derived from the NOAA C-CAP 2006 landcover map and
mapped at 30-m resolution. Wetland types were identified from the National Wetland Inventory
(NWI – 2012), while roads, powerlines, and railroads were selected from a 1986 transmission
shapefile (USGS 1989). This was used over a more recent layer because it encompassed both
Maine and New Hampshire; more recent layers did not standardize data between the two states.
We considered separately the influence of 6 road classes, distinguished by traffic volume, with
road class 1 corresponding to multi-lane highways and road class 6 corresponding to unpaved
and unmaintained roads and trails. Certain road sections (I-95, I-295, Rt 16, and Rt 1) were
reclassified in order to reflect current traffic volumes. All roads were considered to be 30-m wide
in order to match the 30-m resolution of the landcover layer, and class 1 roads (multi-lane
highways) were buffered to 60 m to reflect their true size relative to more minor roads.
We also evaluated the role of habitats identified by LiDAR imagery. LiDAR is capable of
identifying vegetation structure at a higher resolution than Landsat imagery (Lefsky et al. 2002),
and its capacity for detecting vegetation less than ten meters in height is ideal for identifying the
vegetation used by cottontails. LiDAR point cloud data (ground points identified by vendor)
were acquired from FEMA (Federal Emergency Management Agency) and were available for
the Cape Elizabeth study area only. Raw data was processed using the program Fusion (v. 2.70;
U.S. Forest Service) to develop a canopy model and ground filter model to generate a surface
model. Subtracting the ground surface from the canopy model resulted in 1-meter grids of
vegetation at the 1-3 meter height. GIS layers (ArcGIS 9.3) were generated (P. Bourget
unpublished report 2010) and post processed using a nearest neighbor approach (C. French
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unpublished report 2012). A subset of locations was then ground-truthed to validate accuracy of
the classification effort.

Univariate Modeling
Each landscape variable was first tested as a separate univariate resistance surface to
identify how each landscape feature influenced cottontail gene flow (i.e., whether as a barrier or
facilitator) and to generate optimal resistance values for use in subsequent multivariate modeling.
Landscape variables were mapped separately in a binary friction grid and assigned elevated or
reduced resistance costs relative to the background (Perez-Espona et al. 2008) based on their
hypothesized effect on cottontail movement. Forest, open water, development, and roads were
tested as barrier landcover types. Scrub/shrub habitat, linear features (roadside edges, powerlines
and railroads), and LiDAR-detected habitats were tested as facilitating landcover features. Fields
and each wetland type were tested as both barriers and facilitators. Univariate barrier models
were tested using resistance values of 2, 5, 10, 25, 50, 100, 250, 500, 750, and 1000 against a
background surface value of 1. Hypothesized facilitating features were assigned a resistance
value of 1 against a background value of 100. Least cost path analyses for each univariate model
were run in ArcMap (v10; Environmental Science Research Institute, Redlands, USA) using the
landscape genetics toolbox (v1.2.3; Etherington 2011). Least cost paths identify the single leastcostly pathway between each set of points (Adriaensen et al. 2003).
We tested for correlations between effective distance (cumulative cost distance from least
cost paths; Adriaensen et al. 2003) and individual pairwise genetic distances (Rousset's a and
Dps) using Mantel tests and partial Mantel tests to compensate for the effects of geographic
distance (ecodist package; Goslee and Urban 2007). We also tested a null model of geographic
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distance effects on genetic distance. For each landscape variable we identified the unimodal peak
of support in partial Mantel r values or the value at which the correlations began to plateau
(Shirk et al. 2010); this corresponded with the best fitting resistance value to the genetic data.
These optimal resistance values were incorporated into subsequent multivariate models.
Statistical methods in landscape genetics continue to evolve and there is currently no
consensus on the most suitable analytical techniques (Wagner and Fortin 2013; Guillot et al.
2009). The Mantel test in particular has received much scrutiny, and its efficacy in landscape
genetics has been a topic of recent debate (Balkenhol et al. 2009; Guillot and Rousset 2013;
Graves et al. 2013). One relevant downfall is that the Mantel test provides no means of
addressing model fit or the relative importance of different variables (Lichstein 2007; Legendre
& Fortin 2010). Despite these criticisms, Mantel tests have been shown to be powerful and
appropriate for comparing distance matrices (Legendre and Fortin 2010) and to accurately
identify drivers of genetic differentiation (Cushman and Landguth 2010; Cushman et al. 2013b).
Further, they continue to be widely used, are easily interpretable, and provide a straight-forward
approach for parameterizing resistance surfaces (Storfer et al. 2010). For these reasons, we
chose to use the Mantel and partial Mantel test to optimize our univariate resistance surfaces, and
we also evaluated the relative importance of our univariate models using a linear mixed effects
modeling approach, following van Strien et al. (2012). The cost distance output from each
optimized landscape feature was run using the lmer function in the lme4 R package (Bates et al.
2014), and the model that produced the highest R2β statistic (Edwards et al. 2008; pbkrtest R
package –Halekoh and Højsgaard 2014) was chosen as the top model.
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Multivariate Models
We developed a set of multivariate models to identify which combinations of landscape
variables were most influential in structuring New England cottontail gene flow. Rather than
considering all combinations of binary variables, we built select multivariate models that
included the most biologically relevant variable combinations (Table 1.2). The goal of these
models was to test the relative importance of barriers and facilitators as well as natural and
anthropogenic features within each of the two landscapes. One of the variables of greatest a
priori interest in our study was roads, and results of our binary models confirmed previous
findings of Fenderson et al. (2014) that roads function as both barriers and facilitators of gene
flow. For this reason, we developed an approach for evaluating the simultaneous influence of
roads as both barriers and facilitators. In the multivariate models, the pixels comprising the
width of the roads were assigned their optimal barrier resistance costs as identified from the
univariate models, and then the roads were buffered by 30 m to include a single pixel width
buffer with a cost value of 1 on each side, modeling the effect of a road as a perpendicular barrier
with roadside right-of-ways as parallel facilitators. To distinguish whether all road classes had
this dual influence on dispersal or just the largest roads, we ran the full multivariate model with
only road classes likely to include maintained right-of-ways buffered with facilitators and then
again with all roads buffered with facilitators.
We tested for correlations of multivariate landscape features and gene flow using Mantel
and partial Mantel tests, as above, and also using mixed effects models. As individual landscape
features were highly correlated, we applied mixed effect models to the cost-distance outputs of
our multivariate models rather than building the mixed effect models using individual landscape
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features (following Peterman et al. 2014). Top models were chosen using the R2β statistic, as
above.
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Table 1.2: Description of landscape features included in the multivariate gene flow models
evaluated in New England cottontails in Kittery, Cape Elizabeth, and across the full study area.
LiDAR was only included in Cape Elizabeth models.
Multivariate Model
Natural Facilitators
All Facilitators
Natural Barriers
Development + Roads
All Barriers
Landcover
Full
Expert Opinion

Variables Included
Palustrine Emergent Wetlands, Scrub/Shrub Wetlands, Scrub/Shrub,
and LiDAR
Palustrine Emergent Wetlands, Scrub/Shrub Wetlands, and
Scrub/Shrub, Linear Facilitators (powerlines, railroads, roadsides), and
LiDAR
Forested Wetlands, Estuarine Wetlands, Water, Fields, and Forest
Development and all Roads as barriers
Forested Wetlands, Estuarine Wetlands, Water, Fields, Forest,
Development, and Roads as barriers
All Wetlands, Water, Fields, Forest, Scrub/Shrub, Development, and
LiDAR
Full Landcover (above), Buffered Roads (dual barrier/facilitator),
Linear Facilitators , and LiDAR
All landcover features, including roads, assigned the expert opinion
values
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Corridor identification
Landscape features that structure metapopulations at the local scale may differ from those
at the population level (Angelone et al. 2011; Keller et al. 2013). To evaluate these scaledependent dispersal patterns, as well as to identify likely movement corridors between
populations, we tested multivariate landscape models across the full study area. As optimal
resistance values differed for certain landscape features between the Cape Elizabeth and Kittery
populations, we first evaluated a full model using both population-specific optimal resistance
values and average and maximum resistance values for each feature, to identify the best fitting
resistance values across the full study area. Models included roads buffered with facilitators. As
multi-lane highways and unmaintained roads were not present in the Cape Elizabeth landscape,
for full study area models based on the Cape Elizabeth values we assigned those roads costs that
were similar to optimal roads resistance values for Kittery. We ran least cost path analysis for
each model and, as before, evaluated the relationship of effective cost distances and individual
genetic distances using Mantel tests and mixed effect models. The multivariate model using the
Cape Elizabeth optimized resistance values was the best predictor of gene flow across the full
population. This top model (highest partial Mantel r; Table S1.3) included road classes 1-3
buffered with facilitating resistance values. We then used this set of resistance values to run the
same suite of multivariate models that we ran for the two populations separately (Table 2). We
used the least cost path outcome of the best fitting mixed effect model (highest R2β) to identify
landscape features that facilitated the greatest number of movement pathways linking the Cape
Elizabeth and Kittery populations.
As least cost path analyses are limited to identifying a single best movement pathway, we
also used a circuit-theoretic approach that enables identifying multiple paths simultaneously
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(McRae 2006). We implemented circuit analysis in Circuitscape v4.0 (Shah and McRae 2008)
across the entire study area to identify all potential movement corridors and important
connectivity areas. For this analysis, we used the top multivariate resistance model identified
from the full population least cost path analysis. Circuit models can be run across nodes
(individual sampling locations) or focal patches (collections of cells that are considered together
as a single node; McRae and Shah 2008). We ran analyses using all individual sampling
locations as nodes as well as with focal regions that represented the core area of each
metapopulation. Models were run in the "all-to-one" mode, which is ideal for identifying
important connectivity areas (McRae and Shah 2008). Areas of high movement probability
identified by circuit analysis were compared to the corridor pathways resulting from the least
cost path analysis.

Results
Univariate models
Mantel and partial Mantel correlations reached a peak for all features; the corresponding
resistance cost was chosen for the optimized resistance surface for that feature. Tests using
Rousset's a and Dps provided similar correlations; results from only Rousset's a are reported
here. Overall, optimized barrier resistance values ranged from 2-250 and were highest for
forested wetlands, followed by development and roads. As expected, optimal resistance values
for landscape features varied between the Cape Elizabeth and Kittery regions (Table 1.3),
however, all landscape features were found to consistently exert either barrier or facilitating
effects in the two regions. Optimized resistance models for several features differed from the
resistance values predicted by the expert opinion models (Table 3), although differences in scale
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preclude direct comparisons as expert opinion values ranged 1-10 only. Palustrine emergent
wetlands exhibited a positive effect on gene flow despite being predicted to negatively influence
gene flow. All other landscape features retained their predicted effect on gene flow.
All optimized features were significantly correlated with gene flow, even when
controlling for distance. All but the linear facilitator model in Kittery had higher Mantel r
correlations than geographic distance. Partial Mantel correlations ranged from 0.074 to 0.144 in
Cape Elizabeth (Table 1.4a) and from 0.170 to 0.252 in Kittery (Table 1.4b). Development,
roads, fields, forest, and forested wetlands, water, estuarine emergent wetlands, and fields all had
barrier effects to gene flow. Development, roads, forest, and forested wetlands had higher
resistance values in Cape Elizabeth, while water, estuarine emergent wetlands, and fields had
higher resistance values in Kittery. Within the Cape Elizabeth landscape, LiDAR-identified
habitat was significantly correlated with gene flow (r = 0.1398, p-value = 0.0004).
All roads had significant barrier effects; major roads (classes 1-3) had higher resistance
values than minor roads (classes 4-6). Road effects were stronger in Kittery (Mantel r = 0.374)
than in Cape Elizabeth (r = 0.139; Table 4), however, road resistance values were higher in Cape
Elizabeth (Table 1.3). Some roadsides were also positively correlated with gene flow when they
were considered as univariate facilitators. In Kittery, including road classes 1-3 as facilitators
along with powerlines and railroads produced the highest partial Mantel r correlation while in
Cape Elizabeth only class 3 roadsides were significant as linear facilitators (there were no road
classes 1,2 and 6 in Cape Elizabeth). Mixed effect models identified open water as the top
predictor of gene flow in Kittery (barrier effect) and scrub/shrub wetlands as the top predictor of
gene flow in Cape Elizabeth (facilitating effect; Table 1.4).
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Table 1.3: Expert opinion resistance values from a habitat suitability model and optimized
binary resistance values determined from best fit of New England cottontail genetic data in each
study area for each landscape feature. "X" indicates the feature was not present within the
analysis extent. Linear facilitator models and LiDAR-identified habitat were not included in the
expert opinion model.
Resistance Resistance Expert
Southern
Cape
Layer
Opinion
Maine
Elizabeth
Development (High)
10
2
50
Development (Med.)
8
2
50
Development Development (Low)
7
2
50
Development (Open)
6
2
50
Bare Land
9
2
50
Cultivated Crops
8
10
2
Fields
Pasture/Hay
5
10
2
Grassland
5
10
2
Forest (Deciduous)
8
2
5
Forest
Forest (Evergreen)
9
2
5
Forest (Mixed)
8
2
5
Palustrine Forested
8
100
250
Palustrine Scrub/Shrub
1
1
1
Wetlands
Palustrine Emergent
7
1
1
Estuarine Emergent
7
5
2
Unconsolidated Shore
10
10
2
Open Water
10
10
2
Water
Palustrine Aquatic
10
10
2
Estuarine Aquatic
10
10
2
Multi-lane highway (1)
10
10
x
Primary Road (2)
10
10
x
Secondary Road (3)
10
10
50
Roads
Improved (4)
5
5
25
Unimproved (5)
5
5
25
Trail (6)
2
2
x
Scrub/Shrub Scrub/Shrub
1
1
1
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Table 1.4: Univariate Mantel and partial Mantel r correlations of least cost path effective
distances with New England cottontail gene flow for each landscape feature (optimized
resistance value indicated in parentheses), and R2β from mixed effect model. *P < 0.05; **P <
0.01; ***P < 0.001. All mixed effect models were significant, as determined by t-tests.
a)
Partial Mantel
R2β
Cape Elizabeth
Mantel r
r
0.180***
0.144**
0.0152
Forested Wetlands (250)
Scrub/Shrub Wetland
0.156***
0.113**
0.0348
(Facilitator)
0.154***
0.111**
0.0233
Development (50)
0.153***
0.108**
0.0218
Forest (5)
Estuarine Emergent Wetlands
0.148***
0.100*
0.0215
(2)
0.148***
0.100**
0.0214
Water (2)
0.145***
0.096*
0.0220
Fields (2)
0.142***
0.091*
0.0233
Scrub/Shrub (Facilitator)
0.140***
0.090*
0.0190
LiDAR
0.139***
0.087*
0.0224
Roads (x,x,50,25,25,x)
Emergent Wetlands
0.136***
0.083*
0.0210
(Facilitator)
0.123***
0.074*
0.0218
Linear Facilitators
0.109***
0.0147
Isolation by Distance

b)
Southern Maine
Forested Wetlands (100)
Estuarine Emergent Wetlands
(5)
Water (25)
Emergent Wetlands
(Facilitator)
Fields (10)
Scrub/Shrub Wetland
(Facilitator)
Roads (10,10,10,5,5,2)
Development (2)
Forest (2)
Scrub/Shrub (Facilitator)
Isolation by Distance
Linear Facilitators

Mantel r
0.392***

Partial Mantel
r
0.252***

0.2295

0.387***

0.235**

0.2322

0.384***

0.233***

0.2487

0.380***

0.181**

0.2339

0.376***

0.215**

0.2321

0.376***

0.155*

0.2242

0.374***
0.371***
0.370***
0.364***
0.347***
0.249***

0.227***
0.196**
0.159*
0.122*

0.2307
0.2305
0.2220
0.2230
0.2340
0.2132

0.170*
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R2β

Multivariate Models
In Kittery, all barrier models and the full landscape model produced significant partial
Mantel correlations while facilitator-only models did not. In Cape Elizabeth, all multivariate
models were significant except for the model that included all facilitating landscape features;
natural facilitators, however, were most highly correlated with genetic distance (Table 1.5).
Including LiDAR-classified short stature vegetation as a facilitating landcover type in Cape
Elizabeth models increased both Mantel and partial Mantel correlations (Table S1.2). Models
that included roads buffered with facilitators – to account for the simultaneous barrier and
facilitator effects – always outperformed analogous models that only considered roads as
barriers. These full models with buffered roads were the best predictor of genetic structure for
both regions, however, in Kittery this model had the highest Mantel correlation when only road
classes 1-3 were buffered as facilitators. In Cape Elizabeth, although only class 3 roadsides were
significant as univariate linear facilitators, multivariate models that buffered all road classes had
the highest Mantel correlations. All multivariate models that incorporated optimized resistance
values outperformed multivariate models based on expert opinion. Mixed effect model results
were consistent with the Mantel test results. Within Cape Elizabeth, mixed effect models
identified the natural facilitators model as the best predictor of gene flow (highest R2β), while in
Kittery the all barriers model was the most explanatory (Table 1.4).
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Table 1.5: Multivariate model results for both least cost path analyses (partial Mantel r) and mixed effect (R2β) models across each
study area separately and the full study area combined. Asterisks (*) indicate significant Mantel correlations while the top model for
the mixed effect models are in bold.
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Corridor identification
The full landscape model was the most explanatory mixed effect model across the entire
population (Table 1.5). The least cost path analysis identified a number of movement pathways
within each population but only a limited number of routes connecting the southern (Kittery) and
northern (Cape Elizabeth) portions of the study area (Figure 1.2). There were two main corridors
between Kittery and Wells: the corridor in the western Kittery region followed the powerline and
railroad right-of-ways to Wells while the corridor in the eastern Kittery region utilized the
buffered area along Interstate 95. These corridors converged to one route from Wells to Cape
Elizabeth, following the buffered roadside along I-95.
Circuitscape models highlighted the lack of connectivity between the two populations but
also indicated potential areas for restoration and management (Figure 1.2). Model outputs were
nearly identical when considering individuals and focal areas; results from the focal area analysis
are presented here. Current flow within each population was high, although the individuals in
Wells, Maine were isolated from the rest of the eastern Kittery population by regions of lower
current flow. Current flow outside of the occupied areas was relatively low, and occurred
primarily along the powerline right-of-way that runs parallel to the coast.
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Figure 1.2: Circuit analysis overlayed with least cost analysis (black lines) for the full study
area. Areas in red indicate high current flow/high probability of movement while yellow areas
indicate restricted movement and blue and green areas indicate little to no probability of
movement.
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Discussion
Functional connectivity depends on the configuration and composition of the landscape
(Calabrese and Fagan 2004). Landscapes typically consist of a diversity of landcover types with
varying degrees of permeability to animal movement (Ricketts 2001). Habitat types most
suitable to movement are surrounded by a matrix of less suitable habitat types and landscape
features. Particularly for specialists reliant on patchily distributed habitat types, the composition
and configuration of this matrix plays an important role in shaping dispersal patterns and the
structuring of populations. Here we show that considering the full suite of matrix habitats is
critical for understanding the dispersal of an early successional habitat specialist, the New
England cottontail. Early successional forest patches account for less than 5% of the landscape in
our study area. This shrubland habitat is embedded within a mosaic landscape heavily modified
by coastal development, roads, and a long agricultural history. We found that these landscape
matrix features have variable influences on cottontail gene flow, and that both facilitators and
barriers to dispersal must be considered simultaneously in connectivity assessments.

Facilitating and Barrier Matrix Features
Although it has been suggested that habitat suitability is a poor predictor of permeability to
movement (Spear et al. 2010), the connectivity of New England cottontails appears to be driven
by their preferred early successional habitat (scrub/shrub wetlands, scrub/shrub) as well as by
anthropogenic features that include shrubby components (roadsides, powerlines, railroads).
These latter habitat types likely provide sufficient cover and forage potential to act as stepping
stone patches or dispersal conduits between occupied New England cottontail habitat.
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The shrubby vegetation along roadsides has been hypothesized to have a positive influence
on the connectivity of species that can take advantage of this habitat (Underhill and Angold
1999; Holderegger and DiGiulio 2010; Crispo et al. 2011); this hypothesis was recently
supported by landscape genetic investigations of muskrat (Laurance et al. 2013) and bush-cricket
(Holzhauer et al. 2006). New England cottontail are also expected to benefit from roadside
vegetation (Tash and Litvaitis 2007; Fenderson et al. 2014). Our results found support for the
roadside hypothesis and show that all linear shrubby features, including roadsides, railroads, and
utility lines, may function as important dispersal conduits for early successional habitat
specialists.
We found that LiDAR imagery can be used to improve connectivity models (Wang et al.
2008) and identify dispersal corridors for early successional obligate species. Early successional
habitats are difficult to characterize, especially when a shrubby understory occurs below a taller
canopy structure. These habitats therefore may not be accurately represented by landcover data.
To this end, LiDAR data, which describe plant canopy and subcanopy topographies (Lefsky et
al. 2002), have proven useful in characterizing horizontal and vertical stand structure, including
understory and ground cover (Palace et al. 2015). LiDAR data have previously been shown to
have value in ecologocial studies (Hudak et al. 2009) and they have been used to improve habitat
suitability models for managing wildlife species, including those with very specific vegetation
requirements (Graf et al. 2009, Goetz et al. 2010). To our knowledge, this is among the first
times LiDAR has been directly applied to connectivity analyses (Ficetola et al. 2014). We used
LiDAR to enhance our ability to identify early successional habitat and incorporated these
LiDAR-detected habitats into our dispersal models. The LiDAR-identified scrub/shrub patches
were a positive predictor of gene flow, despite covering only 1% of the landscape. The inclusion
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of LiDAR-identified habitat as a facilitator variable in multivariate models improved the
correlation between effective and genetic distances over models that relied on Landsat-identified,
scrub-shrub habitat alone. Our novel application of LiDAR demonstrates its utility in identifying
dispersal habitat that may be difficult to identify using traditional landcover data, thereby aiding
connectivity modeling, particularly for species reliant on distinctive vegetation structures.
While we identified several key types of shrubby habitat features that facilitate New England
cottontail dispersal, we found that the remaining matrix features impede movement.
Development, fields, forest, and forested and estuarine wetlands account for approximately 90%
of the coastal Maine and New Hampshire landscape. They were all found to be barriers to
cottontail movement. These landcover types are unsuitable for New England cottontail dispersal
likely due to their lack of dense vegetative cover. Other habitat specialists that prefer understory
shrub cover also avoid such open areas when dispersing, including foxsnakes (Mintonius gloydi;
Row et al. 2010), Appalachian brown butterfly (Satyrodes appalachia; Kuefler et al. 2010) and
capercaillie (Tetrao urogallus; Braunisch et al. 2010). While LiDAR detected some shrub habitat
within forest and forested wetland landcover pixels, the majority of forested areas in this study
lack a dense understory suitable for New England cottontails. Developed areas also lack suitable
habitat and are typically correlated with roads, which are also barriers to cottontail dispersal. Our
results suggest that fields are also too open to provide functional dispersal pathways for
cottontails. Abandoned fields, however, are used by many other early successional species such
as woodcock (Scolopax minor), prairie warblers (Setophaga discolor), black racer snakes
(Coluber constrictor constrictor), and eastern cottontails (Sylvilagus floridanus). These less
specialized species or early successional specialists with more generalist dispersal patterns

34

(Laurence et al. 2013; Pereoglou et al. 2013) may be able to utilize fields as dispersal routes,
while early successional obligates, such as the New England cottontail, cannot.
Open water and roads were among the barrier models with the strongest explanatory power
on gene flow, especially within the Kittery region and across the entire study area. This is
consistent with earlier work in this system. Fenderson et al. (2014) found the Piscataqua River,
which delineates the border between Maine and New Hampshire and has some of the fastest tidal
currents in North America (NOAA), to subdivide cottontails into genetically distinct groupings
to the east and west. Similarly, I-95 traverses our study area linearly from North to South and
subdivides the southern study area into two genetically distinct subpopulations. In this southern
section of our study area, I-95 and other major (classes 1-3) roads were found to have a greater
resistance to movement than minor (classes 4-6) roads. In Cape Elizabeth, where no major
highways occur, roads were not as influential in explaining cottontail gene flow. These results
are consistent with a large body of research showing that high-traffic-volume roads pose barriers
to gene flow for a diversity of organisms (reviewed in Balkenhol and Wiats 2009; Holdregger
and DiBuilio 2010) and have a greater influence on gene flow than secondary and unpaved roads
(Berringer et al. 1990; Frantz et al. 2010; Gabrielsen et al. 2013).
Our results also highlighted the dual influence of roads as both facilitators and barriers to
gene flow. Simultaneous positive-negative relationships with roads have been demonstrated in
other studies, where connectivity is negatively influenced by road crossings but positively
associated with movement parallel to roadways (Holzhauer et al. 2006; Sacket et al. 2012).
Previously, Fenderson et al. (2014) tested three simple landscape models of cottontail gene flow
– roads as barriers, roads as facilitators and water as barriers – and found that roads were
primarily important as barriers at the population scale but acted as facilitators locally within
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some metapopulations. Here we expanded on that by including roads as both facilitators and
barriers within the same models. Our innovative approach improved the performance of our
multivariate least cost path models in predicting New England cottontail gene flow. The dual
road influence was consistent across the local and population scales suggesting that roads play an
important and complex role in New England cottontail connectivity at all scales.

Landscape Context and Scale of Inference
Our results revealed the importance of context and replication in landscape genetics
studies. Identifying the consistencies and differences of genetic responses to landscape features
as well as the factors that underpin dispersal patterns across a species' range can provide
important insight for conservation management (Manel and Holderegger 2013). By replicating
our study across two landscapes with different degrees of fragmentation, we were able to make
inferences about features that consistently influence cottontail gene flow as well as how the
influences on cottontail dispersal vary in relation to landscape context. While the two study areas
had a similarly low proportion (<5%) of preferred early successional (scrub-shrub) habitat, they
differed with respect to the matrix composition, including, amount of agriculture, levels of
development, road density, average patch size, and cottontail densities. Based on these
characteristics, we considered the Cape Elizabeth landscape less fragmented than the Kittery
landscape. In comparing the results from these two landscapes, we find support for our
hypothesis that gene flow of cottontails in the more fragmented Kittery landscape are more
influenced by barrier features than by facilitating features, with the opposite pattern holding true
for cottontails in the less fragmented Cape Elizabeth landscape.
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Specifically, we found that forested wetlands, forest, and roads were influential barrier
features in both landscapes, as well as across the entire study area as a whole – i.e., they had
consistently elevated resistance values, relatively high Mantel correlations, and/or highest ranked
mixed effect model fits. These features are therefore likely among the most important in the
northern New England landscape and are consistently influential for the species across a gradient
of fragmentation. We also found that development, water, and fields had variable influences,
depending on their degree of presence in the landscape: development was influential in the Cape
Elizabeth landscape while water and fields were more influential in the Kittery landscape where
they were more abundant (fields) or larger (Piscataqua River). Overall, models with natural
facilitating features – scrub-shrub wetlands and scrub shrub – were most influential in Cape
Elizabeth, supporting our hypothesis that facilitating features had the stronger influence in the
less developed Cape Elizabeth landscape. Comparatively, both univariate and multivariate
facilitator models performed poorly (low R2β ) in Kittery, while models with barrier features had
a stronger explanatory effect on gene flow. These findings indicate that barrier landscape
features have the strongest influence on cottontail gene flow in a fragmented landscape.
Interestingly, both natural (fields, forest, water, barrier wetlands) and anthropogenic (roads)
barriers were important, likely given their prevalence in the Kittery landscape.
In addition to landscape context, consideration of spatial scale is also essential when making
inferences from landscape genetics studies, as movement within the maximum dispersal distance
of a species may vary dramatically from gene flow patterns across the entire population (Keller
et al. 2013). Different habitat influences on gene flow between local and population-level scales
have been found for a number of organisms (Angelone et al. 2011; Keller et al. 2013; Razgour et
al. 2014). We considered local (within maximum dispersal distance – Kittery and Cape
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Elizabeth study areas) and regional (between populations – entire study area) spatial scales. Our
analyses revealed that roads and forested wetlands act as strong barriers to New England
cottontail gene flow at both the local and regional scales and linear landscape features were
consistently important as facilitators at both scales. Local analyses, however, identified
differentially important landscape features within the two study areas, such as water barriers in
Kittery and scrub/shrub wetland facilitators in Cape Elizabeth. The consideration of only the
regional scale would not have identified these important local influences. Accordingly,
considering results from just one of the two local study areas would suggest different landscape
features driving New England cottontail genetic structure. Based on variation in habitat across
the species’ range (Tash and Litvaitis 2008), our results suggest that there are likely some
consistent range-wide influences on gene flow with variation in locally important features,
underscoring the need for habitat management priorities to differ based on the local landscape.
For example, our results indicate a need to increase scrub/shrub pathways in the Kittery region,
to counteract the strong effect of barrier features, while in Cape Elizabeth a focus on maintaining
current levels of scrub/shrub habitat may be sufficient.

Connectivity Corridors
Corridors can provide critical linkages between habitat patches and wildlife populations
(Crooks and Sanjayan 2006) and can be identified by least cost path (Beier et al. 2009; Cushman
et al. 2009; Schwartz et al. 2009) or circuit (McRae et al. 2008; Roever et al. 2013) analysis.
Comparative studies indicate that corridors identified by these two methods rarely overlap
(Howey 2011; Poor et al. 2012; LaPoint et al. 2013). In order to identify movement corridors
between the geographically isolated study sites of Kittery and Cape Elizabeth (separated by
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approximately 80 km of largely unoccupied habitat with the exception of a few remnant patches
in the intervening area of Wells, Maine), we used both least cost path and circuit analyses across
the entire study area and compared the results of the two approaches. We found that least cost
path and circuit analyses identified similar connectivity patterns within each local study area, but
differed substantially when considering long-distance dispersal pathways.
In the southern portion of the study area, least cost path routes followed the railroad between
western Kittery and Wells and passed through regions of little or no current flow (as predicted by
circuit analysis). In contrast, circuit analysis identified the coastal region as the most likely
dispersal route between Kittery and Wells. Multiple least cost pathways within each study site
converged to a single corridor north of Wells, Maine. This least cost path corridor between Wells
and Cape Elizabeth followed I-95 (i.e., the corridor followed the facilitating shrubby features
along the roadside) and deviated from areas of high current flow. Circuit analysis detected
movement pathways from Kittery to Cape Elizabeth following a powerline right-of-way to the
west of I-95 that supported New England cottontail occupancy in the recent past (Litvaitis et al.
2006; Fenderson et al. 2014). While least cost path and circuit analyses detected different
corridors between Kittery and Cape Elizabeth, both methods identified pathways that followed
linear strips of early successional habitat, including railroads, powerline rights-of-way, and
roadsides.
Our results support previous conclusions about the relative strengths of least cost path and
circuit analyses. Least cost path analysis identifies the single least costly path between a set of
points (Adrienesen et al. 2003), whereas circuit analysis considers all possible movement
pathways, thereby accounting for flexibility in the movement behavior of multiple, individual
animals and providing greater utility in planning management strategies and identifying locations
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for habitat restoration (McRae et al. 2008). The lack of redundant corridors identified by both
analyses is consistent with expectations for landscapes with limited amounts of patchily
distributed suitable habitat (Pinto and Keitt 2009). The high proportion of the landscape that is
unsuitable for cottontail dispersal (reflected in a high proportion of high-cost areas in the
resistance surface) results in very few options for movement pathways – these pathways are
restricted to the limited areas in which favorable habitats occur. This pathway constraint was
reflected more strongly in least cost path analyses, for which the routes between study sites
converged to one or two options. Circuit analysis distinguished areas of high current flow outside
of these least cost path routes. The powerline corridor identified by circuit analysis is a more
biologically realistic pathway for long-distance cottontail dispersal in our study area than the
interstate highway corridor identified by least cost path analysis. Evidence for the importance of
this powerline in connecting cottontail populations in the recent past (Litvaitis et al. 2006;
Fenderson et al. 2014) further supports this as a potential area for focusing habitat restoration
efforts to improve population connectivity in this region. To this end, circuit analyses also
identified a large area of high current flow at the northern edge of this powerline, suggesting a
clear strategy for focusing restoration.

Conclusions
It has been hypothesized that species that specialize on patchily distributed habitats
require a high ability to move through the landscape matrix to avoid the negative consequences
of demographic isolation (Centeno-Cuadros et al. 2011). Accordingly, generalist dispersal
patterns have been identified for several habitat specialists occupying naturally fragmented
habitats (Centeno-Cuadros et al. 2011; Laurence et al. 2013; Pereoglou et al. 2103). In contrast,
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the New England cottontail, an early successional habitat obligate, is highly specialized on these
sparse and patchy habitats in both its patch occupancy and dispersal. These naturally ephemeral
habitats today exist in an extremely heterogeneous landscape matrix, fragmented by
anthropogenic landscape modification. The majority of the matrix elements have a barrier effect
on cottontail gene flow, particularly roads, development, forest and forested wetlands, with the
relative influence of these features dependent on the landscape context and composition. Only
features comprised of natural or anthropogenic scrub-shrub habitats facilitate cottontail gene
flow and these features comprised only a small percentage of the cottontail’s landscape. As a
consequence, populations become permanently isolated due to a scarcity of long-distance
dispersal routes. Powerline right-of-ways and other linear shrubby features, including roadsides,
can serve as important corridors with potential for restoring connectivity. In fragmented
landscapes, where shrubland habitat is limited, human-modified habitats may enhance functional
connectivity by providing suitable dispersal conduits for early successional specialists.
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CHAPTER 2

AN ANALYSIS OF POPULATION STRUCTURE AND GENE FLOW OF THE CAPE COD
NEW ENGLAND COTTONTAILS

Abstract
Characterizing the relationship between landscape features and gene flow is important for
understanding population connectivity. This knowledge combined with assessments of
demographic history and genetic variation can provide an estimation of population vulnerability.
Particularly for populations that may be suffering from effects of low numbers or isolation,
understanding current population genetic structure and landscape connectivity can inform habitat
restoration efforts. The New England cottontails (Sylvilagus transitionalis) on Cape Cod have
been separated from the mainland of Massachusetts since the early 20th century and may be
suffering from the genetic consequences of isolation. I evaluated fine-scale population structure
and genetic variation using two sets of microsatellite loci; the first was designed for closely
related lagomorph species while the second was designed from the New England cottontail
genome. To infer landscape influences on gene flow (dispersal), I used least cost path modeling
to test hypotheses about landcover resistance values. I evaluated these hypotheses using Mantel
tests and mixed effect modeling. The New England cottontail specific microsatellite panel
displayed greater polymorphism and fewer null alleles and deviations from Hardy-Weinberg
equilibrium, thus outperforming the non-specific microsatellites in evaluating genetic variation
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within the Cape Cod population. The New England cottontails on Cape Cod comprised one,
admixed population although there was genetic structuring up to 6.8 kilometers across all
individuals. This population had a low effective population size (60-100) and displayed
signatures of having experienced a recent bottleneck. Roads and forest acted as barriers to
dispersal while palustrine emergent wetlands and powerlines facilitated New England cottontail
movement. The low effective population size and restricted dispersal exhibited by this
population, in conjunction with strong barrier landscape effects, suggests that this population is
vulnerable to future habitat loss and fragmentation.
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Introduction
Anthropogenic landscape modification resulting in habitat degradation and loss is a
primary cause of endangerment for today's wildlife (Groom et al. 2006). Development,
suppression of natural disturbance regimes, and land use change fragment the landscape into
isolated habitat patches surrounded by less hospitable land cover (Fahrig 2001). This landscape
fragmentation impairs animal movement and isolates individuals and populations (Rudnick et al.
2012). Isolated populations have restricted ability to exchange migrants and are therefore at risk
of genetic diversity loss (White and Searle 2007; Dieker et al 2013) and inbreeding depression
(Hedrick and Kallinowski 2000; Wright et al. 2008). The genetic consequences of isolation are a
function of population size, with small populations being particularly vulnerable (Groom et al.
2006). In addition, small, isolated populations are more susceptible to stochastic environmental
events, increasing the potential for extinction (Frankham et al. 2002; Beissinger et al. 2008).
Characterizing the demographic history and genetic variation of isolated populations can
provide vital information about their vulnerability. Reduced fitness due to high amounts of
inbreeding (Charlesworth and Charlesworth 1987; Hanski and Saccheri 2006) and impaired
evolutionary potential due to loss of genetic diversity (Fisher 1958) are characteristics of
populations that have experienced dramatic declines in population abundance (i.e., a population
bottleneck). The relationship between population bottlenecks and fitness may not always be
straightforward (Bouzat 2010), however, indicating the need to consider genetic diversity in
conjunction with population structure and connectivity. Choosing the appropriate genetic
markers for investigating questions of bottlenecks and connectivity is imperative (Sunnucks
2000), as the markers need to display sufficient polymorphism to detect variability among
individuals and populations (Goldstein and Schlotterer 1999). The variation found in genetic
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markers is increasingly used to estimate effective and census population sizes (Luikart et al.
2010), which can in turn be used to assess the probability of population persistence (Franklin and
Frankham 1998; Harmon and Braude 2013; Weckworth et al. 2013)
Coastal species are particularly threatened by development and intensive land-use
modification. For the past century, population growth in coastal United States counties has been
on average greater than inland counties (Culliton et al. 1990; Wilson and Fischetti 2010), and the
resultant shoreline development has created hotspots of biological endangerment along both the
Pacific and Atlantic coasts (Flather et al. 1988). In addition to terrestrial development, the
increase in coastal infrastructure (e.g., pipelines; Parsons et al. 2002) and the creation of largescale shipping lanes (canals; Diaz-Muńoz 2010) can segregate populations. In Massachusetts
(USA), construction of the Cape Cod Canal in 1914 separated the Cape Cod peninsula from the
mainland by a 146-meter wide, 9.7-meter deep, man-made shipping channel. Although some
mid- to large-sized mammals, such as coyotes, may swim across the canal (Way 2002), the width
of the canal and the strong current may pose challenges for smaller mammals, such as rabbits.
A geographically and genetically distinct population of the New England cottontail rabbit
(Sylvilagus transitionalis) is found on Cape Cod (Litvaitis et al. 2006; Fenderson et al. 2011;
Chapter 1). Isolation by the Cape Cod Canal and subsequent development and suppression of fire
regimes may have decreased the amount of available early successional habitat, resulting in a
population bottleneck in the last century (Fenderson et al. 2011). Previous findings by Fenderson
et al. (2011) of high genetic stochasticity, low genetic diversity and small effective population
size (Ne<50) supported this hypothesized population decline. In this study, I expanded upon
work done by Fenderson et al. (2011) to investigate fine-scale population genetic structure,
genetic variation, and landscape influences on New England cottontail dispersal in Cape Cod. I
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employed a more robust sampling scheme, with a larger number of individuals sampled
heterogeneously across the landscape and a larger number of microsatellite loci than used in
Fenderson et al. (2011). In addition, I characterized this new panel of microsatellite loci,
developed from the New England cottontail genome (T. King, T.J. McGreevey and A. Kovach,
unpublished), and evaluated the polymorphism of these markers in comparison with a panel of
markers used in previous cottontail research (Fenderson et al. 2011, 2014).

Specifically, I addressed the following objectives and hypotheses:
1) Assess population structure and genetic diversity of cottontails on Cape Cod. The
Cape Cod landscape is composed of a high proportion of habitat that is considered
suitable for early successional species, i.e. pine barrens (Litvaitis 2003). As pine
barrens occupy nearly 25% of the landscape, I predict that there will be high genetic
connectivity among cottontails. Based on previous findings of a population
bottleneck, I expect there to be low genetic diversity with evidence of inbreeding.
2) Test for genetic signatures of bottleneck. I predict that the Cape Cod cottontail
population will exhibit signatures of a bottleneck with a timing of the decline
coincident with the installation of the Cape Cod Canal, consistent with previous
findings of Fenderson et al. (2011).
3) Evaluate the polymorphism of a newly developed panel of New England
cottontail-specific microsatellite markers relative to a panel of lagomorph
markers used in previous research. I predict that the species-specific markers will
have a greater number of alleles and higher heterozygosity than the markers designed
for other lagomorphs.
4) Determine landscape influences on gene flow. I predict that roads and development
will act as strong barriers to dispersal, while scrub/shrub and pine barrens habitats
will act as facilitators. I expect that wetlands will have little influence on gene flow as
there are very few of them on the landscape and they mostly occur along the coast
and not within the core of sampling area of our study.
5) Compare population structure, genetic diversity, and landscape influences on
gene flow of cottontails in the Cape Cod study area with those in the Maine-New
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Hampshire population. I predict that New England cottontails on Cape Cod will not
be fragmented into genetically distinct subpopulations, as they are in Maine-New
Hampshire, and that the Cape Cod population will exhibit higher connectivity due to
a greater amount of suitable habitat. Pine barrens and scrub/shrub habitats, which are
favored by New England cottontails, comprise almost 25% of the Cape Cod
landscape, compared to only 5% of the landscape covered by available habitat in
Maine and New Hampshire.
Methods
Study location and sampling
The Cape Cod landscape is heavily settled, with development covering almost 36% of the
landscape (Table 2.1). One of the largest tracts of undeveloped land occurs on the Massachusetts
Military Reservation, which has a high proportion of scrub/shrub habitat due to frequent
wildfires ignited by artillery practice. This area is also off-limits to foot and vehicle traffic as
there are numerous unexploded ordinances (Curtis and Kelly, undated report). The natural
ecosystem of Cape Cod is characterized by sandy soils, such that pitch pine and scrub-oak are
the naturally dominant vegetation types. These species are adapted to intermittent fire
disturbances; however, fire suppression was common from the time of European settlement to
the 1960's. Since then there has been a history of prescribed burns and localized wildfires (J.
Carlson, Northeast Forest & Fire Management, LLC; pers. comm.), and recently local
organizations including the Mashpee Wampanoag tribe, the Massachusetts Military Reservation,
and the Mashpee National Wildlife Refuge have re-introduced fire to create and maintain New
England cottontail habitat. Currently, pitch pine and scrub oak occupy 21% of the Cape Cod
landscape (Table 2.1).
Samples for this study were gathered from a variety of sources including patch-based
surveys (pellet samples, n = 7; Brubaker et al. 2014), opportunistically collected tissue samples
from wildlife clinics or killed by dogs, cats, or cars (n = 22), and systematic trapping at the Camp
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Edwards military reserve and in Mashpee (tissue samples, n = 33; blood samples n = 13). Sample
locations cover a spatial extent of 18 x 23 km across the towns of Sandwich, Bourne, Falmouth,
Mashpee, and Barnstable (Figure 2.1). The preferred New England cottontail habitat types of
scrub-shrub comprises 2.6% of the landscape, while pine barrens, which are suitable for early
successional species (Litvaitis 2003) and have been anecdotally linked to New England
cottontails, cover 21.3% of the landscape.
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Figure 2.1: Location of New England cottontail individuals (black points) on Cape Cod. Major
(class 1-3) roads, are in black. Landcover: Gray = development, green = forest/pine barrens,
orange = fields, dark blue = open water, light blue = wetlands, yellow = scrub/shrub habitat.

Table 2.1: Proportion of the Cape Cod study area covered by each landcover type. Road
percentages indicate the overall proportion of landscape that they cover and their coverage
overlaps with that of other landcover types. Pine barrens overlap with the forest classification.
Landcover Type
% Covered
Development
35.7%
Fields
3.8%
Forest
24.6%
Scrub/Shrub
2.6%
Forested Wetlands
1.8%
Scrub/Shrub Wetlands
0.7%
Palustrine Emergent Wetlands
0.5%
Estuarine Emergent Wetlands
5.6%
Water
5.2%
Roads
53.4%
Pine Barrens
21.3%
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Genetic data
DNA was extracted from tissue samples using the DNeasy Blood & Tissue Kit (Qiagen,
Valencia, CA) and from fecal pellet samples using the Qiagen Stool Kit. As New England
cottontails on Cape Cod are sympatric with eastern cottontails (Sylvilagus floridanus) and, rarely,
snowshoe hare (Lepus americanus), the species identify of each sample was confirmed using a
combination of two restriction fragment polymorphism assays – one with the enzyme BfaI
(Litvaitis and Litvaitis 1996) and one with the enzyme NlaIII (Kovach et al. 2003) – as described
in Kilpatrick et al. (2013).
Samples were genotyped at 5 loci designed for the eastern cottontail (Sylvilagus
floridanus): Sfl11, Sfl08, Sfl15, Sfl06, Sfl14 (Berkman et al. 2009); 4 loci designed for the
European wild rabbit (Oryctolagus cuniculus): Sat3 (Mougel et al. 1997), Sol44 (Surridge et al.
1997), SRY, INRA16 (Chantry-Darmon et al. 2005); and 15 loci designed for the New England
cottontail (Sylvilagus transitionalis): Str02, Str08, Str10, Str15, Str18, Str19, Str24, Str25, Str26,
Str30, Str32, Str41, Str43, Str46, and Str49 (T. King et al. in prep.) for a total of 22 microsatellite
loci in five multiplex polymerase chain reactions. Sfl11, Sfl08, Sfl15, Sfl06, Sfl14, Sat3, Sol44,
SRY, and INRA16 were amplified using published protocols (Fenderson et al. 2011) and run at
the University of New Hampshire's Hubbard Center for Genomics on an ABI 3130 automated
sequencer (Applied Biosystems, Foster City, CA). All Str loci were amplified in 3 multiplexed
polymerase chain reactions optimized for this study (Table S1.1). Multiplex A and B (A: Str08,
Str18, Str41, and Str46; B: Str02, Str 10, Str24, Str26, Str30, and Str32,) were 15-μl polymerase
chain reactions containing 3 μl of eluted genomic DNA, 0.1 – 0.5 μM of each dye-labeled
primer, 2.0 mM MgCl2, 5X PCR buffer (Promega), 0.1 mM of deoxyribonucleotides, and 2 units
of Taq DNA polymerase (Promega). Cycling conditions were as follows: initial denaturation at
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94C for 3 minutes, followed by 35 cycles of 94C for 30 s, 59C for 30 s, 72C for 30 s, and a
final extension step at 72C for 6 min. Multiplex C (Str15, Str19, Str25, Str43, and Str 49) used
the same conditions as above, except with 1.5 mM MgCl2 and an annealing temperature of 58C.
These three multiplexes were run at Yale University's DNA Analysis Facility on an ABI 3730xl.
Genotypes were scored manually using Peak Scanner v1.0 software (Applied Biosystems) and
alleles were binned manually. Sfl06 and Sfl14 were monomorphic in the Cape Cod population
and were dropped from analyses. Pellet genotypes were replicated three times; an allele was
considered confirmed if it amplified at least twice during independent runs for heterozygotes and
three times during independent runs for homozygotes. If no initial consensus was reached,
samples were repeated until a genotype could be confirmed or the DNA was exhausted. We did
not calculate genotyping error due to low numbers (n=7) of pellet samples. We screened for
duplicated individuals using Cervus v3.0.7 (Kalinowski et al. 2007) allowing for up to three
mismatched loci with fuzzy matching.
Evaluation of microsatellite markers
We evaluated the polymorphism and performance of the loci designed from the New
England cottontail genome sequences (Str primers; species-specific) and the loci designed for
other lagomorph species (Sfl11, Sfl08, Sfl15, Sat3, Sol44, INRA16, SRY; non-Str primers). To do
this, we first tested all loci for the presence of null alleles using Microchecker (v2.2.3; van
Oosterhout et al. 2004); the proportion of null alleles was identified using the Brookfield 1
estimator. Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium were assessed in
Genepop (web version 4.2; Raymond and Rousset 1995). We also compared a number of genetic
diversity metrics among loci, including the number of alleles, allelic richness, observed and
expected heterozygosity, and the inbreeding coefficient (FIS), as estimated in FSTAT (v2.9.3;
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Goudet 1999). To evaluate the power of the loci in individual discrimination, we calculated
PIDSib, the probability of two siblings sharing the same genotype (Waits et al. 2001) in Dropout
(McKelvey and Schwartz 2005). Based on our findings of greater polymorphism, higher
discriminatory power, and fewer null alleles and violations of HWE (see Results) I chose to use
only the Str loci in further analyses; analyses were run both with and without Str19 and Str43,
which were ultimately dropped due to departure from HWE and presence of null alleles (see
Results).
Population structure
We assessed population structure using genotype data from the Str loci. We used the
Bayesian clustering approach implemented in the program STRUCTURE (Pritchard et al. 2000),
which delineates populations based on the genetic data without a priori assumptions. We ran
STRUCTURE 10 times for each K (the number of putative populations) from 1-7, using a burn-in
period of 100,000 and run length of 500,000. We tested both the admixture and no-admixture
model with correlated allele frequencies (Falush et al. 2003). The no-admixture model reflects
discrete populations with little or no gene flow, while the admixture model is more appropriate
for populations that exchange migrants, resulting in mixed ancestry (Pritchard 2010). The most
likely number of genetic clusters (K) was chosen using deltaK and LnP(K). Results were
compiled and visualized using Structure Harvester (Earl and vonHoldt 2012) CLUMPP 1.1.2
(Jakobsson and Rosenberg 2007) and DISTRUCT 1.1 (Rosenberg 2004).
We also investigated genetic structure with discriminant analysis of principal components
(DAPC; Jombart et al. 2010). Analyses were performed with the R package adegenet (Jombart
2008). In this method, the number of clusters (k-means) is identified after transforming the
genetic data via principal components analysis (PCA). PCA transforms variables into
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components that account for as much variability in the data as possible, which allows for the
identification of groupings of alleles that have the largest variance between groups and the
smallest variance within groups, thus identify distinct genetic clusters (Jombard 2008). We chose
the most likely number of genetic clusters (K) as the K that produced the lowest Bayesian
Information Criterion (BIC). We visualized the genetic variance and identified clusters with
scatterplots of the discriminant functions and retained principal components (PCs).
Effective population size (Ne) for the Cape Cod population was calculated in LDNe
(Waples and Do 2008) using the linkage disequilibrium method and in ONeSAMP (Tallmon et
al. 2008), which uses approximate Bayesian computations of summary statistics. We bounded
the minimum and maximum effective population size estimates at 10-200, based on previous
estimates of the Cape Cod Ne (Fenderson et al. 2011) and our results from LDNe.
To assess sex-specific dispersal patterns and fine-scale genetic structure within our
population we used spatial autocorrelation implemented in GenAlEx (v6.5; Peakall and Smouse
2012). Spatial autocorrelation techniques compare genetic and geographic distances between
individuals to estimate the spatial extent over which genotypes are correlated (Legendre 1993).
We used variable distance classes to maintain a sufficient number of pair-wise comparisons
(n>10) at each distance class. Analyses were run with 9999 permutations and 9999 bootstraps for
significance testing. Males and females were tested both together and separately.
We tested for evidence of a genetic bottleneck using Bottleneck (Cornuet and Luikart
1996) and M-ratio (Garza and Williamson 2001). Bottleneck is more appropriate for detecting
recent bottlenecks or events in which pre-bottleneck population numbers were low, while Mratio performs better at detecting more severe bottlenecks or bottleneck events after which the
population had recovered (Williamson-Natesan 2005). Peery et al. (2012) caution that the
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resolution of these tests is not precise enough to pinpoint the timing of the detected bottleneck
event, due to sensitivity in the test results to the parameters used. For this reason, as
recommended by Peery et al. (2012), we ran both sets of bottleneck tests with a range of test
parameters. Bottleneck was run at varying levels of stepwise mutation model (SMM) ranging
from 90% to 70%, as recommended by Peery et al. (2012). We ran all SMM levels with the
variance in size of the multistep mutations set to 4, 8, and 12. Significance was assessed using
the Wilcoxon signed-rank test. The M-ratio was calculated in M_P_Val.exe with the mean size
of non-single step mutation set to 2.8 or 3.5 and assuming the percent of mutations larger than
single step was 0.12 (Garza and Williamson 2001) as well as 0.22 and 0.3 (Peery et al. 2012).
Theta (Θ) was calculated assuming a mutation rate of μ=5x10-4 and historic effective population
sizes of Ne=2,500, Ne=250, and the current estimate for Ne. The critical M-ratio value for
comparison with observed M-ratio estimates was simulated using Critical_M.exe.
To estimate gene flow among cottontails, we used two individual pairwise genetic
distance metrics – Rousset's a (Rousset 2000) and Dps (Bowcock et al. 1994). Rousset's a was
calculated in Spagedi (v1.4, Hardy and Vekemans 2002) and Dps was calculated in
Microsatellite Analyzer (MSA 4.05; Dieringer and Schlötterer 2002). Euclidean distances
between all pairs of cottontail locations were calculated in R (R Core Team 2013).
Landscape analyses
We used a least cost path approach (Adriaensen et al. 2003) to evaluate landscape
influences on New England cottontail gene flow. We tested eleven landscape variables that were
found to be significant predictors of gene flow in the Maine-New Hampshire population (see
Methods, Chapter 1): roads, development, fields, forest, water, scrub/shrub habitat, forested
wetlands, palustrine scrub/shrub wetlands, estuarine emergent wetlands, palustrine emergent
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wetlands, and linear facilitators (roadsides, powerline rights of way, and railroads). Scrub/shrub,
scrub/shrub wetlands, emergent wetlands, and pine barrens were hypothesized to facilitate New
England cottontail movement while fields, forest, water, development, forested wetlands, and
estuarine wetlands were hypothesized to impede cottontail movement.
Landcover variables were derived from the NOAA C-CAP 2006 landcover map and
mapped at 30-m resolution. New England cottontails on Cape Cod utilize scrub oak and pitch
pine habitat types, which are both considered pine barrens. As they cannot be distinguished from
the landcover’s forest classifications of deciduous, evergreen, and mixed, a separate layer was
necessary to delineate the extent of pine barrens. A pine barrens layer was extracted from the
Nature Conservancy's Northeast Terrestrial Habitat Map (Feree and Anderson 2013). Wetland
types were identified from the National Wetland Inventory (NWI – 2012). Roads, identified from
the Massachusetts DOT layer, were reclassified to match the road categories of the models used
in the Maine-New Hampshire analyses (Chapter 1). These categories are based on traffic volume
with class 1 including the highest volume roads (interstate/ multi-lane highways) and class 6 the
lowest (unmaintained roads). There were no unmaintained roads used by cars on Cape Cod,
however, so only road classes 1-5 were used.
Least cost path analysis
Each landscape features was first tested as a univariate resistance surface according to its
hypothesized effect on cottontail gene flow. Hypothesized facilitators were assigned a resistance
value of 1 against a background value of 100; barrier features were tested using resistance values
of 2, 5, 10, 25, 50, and 500 against a background surface value of 1. We also tested a null model
of geographic (Euclidean) distance to test for the effects of isolation by distance.
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Least cost path analyses, which identify the least costly (lowest resistance) path of
movement between points (Adriaensen et al. 2003), were run between every pair of individuals
in the dataset. Least cost path analysis was run in ArcMap (v10; Environmental Science
Research Institute, Redlands, USA) using the Landscape Genetics Toolbox (v1.2.3; Etherington
2011). We tested for correlations between the output effective distance and pairwise genetic
distances (Rousset's a and Dps) using Mantel and partial Mantel tests. Partial Mantel tests can
compensate for the effects of other distances, providing a measure of how well the resistance
surface correlates with genetic distance without any confounding effects. I used partial Mantel
tests to compensate for the effects of geographic distance. For each landscape variable we
identified the unimodal peak of support in partial Mantel r values (Shirk et al. 2010); the
resistance value that corresponded to the highest r value was considered the optimal resistance
model for that feature. In cases where the partial Mantel r correlations plateaued, we chose the
value at which they began to plateau.
We also tested a set of multivariate models, which combined various optimized
univariate resistance surfaces to identify a set of landcover types that were most influential in
structuring New England cottontail populations on Cape Cod. We tested the expert opinion
model (B. Charry, K. O’Brien, K. Boland, L. Fenderson, unpublished), a modified expert opinion
model using optimized values from Chapter 1, and models including top univariate predictors of
gene flow. For the models built using the univariate predictors, we only included features that
were significantly correlated with genetic distance; features that did not produce significant
partial Mantel results were assumed not to be important drivers of gene flow on Cape Cod. These
models included a barriers-only model and a facilitators-only model, as well as models that
tested anthropogenic influences on gene flow versus natural influences on gene flow and a model
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that included all significant univariate features (Table 2.2). For models that included roads, we
considered both roads as barrier terms and roads buffered with facilitating pixels. The shrubby
habitat maintained along roadsides has been hypothesized to facilitate New England cottontail
movement (Tash and Litvaitis 2007; Fenderson et al. 2014). As such roads can simultaneously
act as barriers and facilitators for cottontail dispersal. By assigning the road pixels a barrier cost
and buffering their sides with a facilitating cost, we built a model that considered these dual
barrier-facilitating effects simultaneously. Buffered roads were a significant predictor of New
England cottontail gene flow in Maine and New Hampshire (Chapter 1).
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Table 2.2: Description of landscape features included in the multivariate dispersal models
evaluated for New England cottontails on Cape Cod
Multivariate Model
Variables Included
Natural Features
Palustrine Emergent Wetlands (facilitator) and Forest (barrier)
Anthropogenic Features Roads (barrier) and Powerlines (facilitator)
Facilitators
Palustrine Emergent Wetlands and Powerlines
Barriers
Forest and Roads
Palustrine Emergent Wetlands, Forest, Powerlines, and Roads (tested
All Features
both as just barriers and buffered with facilitating pixels)
All landcover features, including roads, assigned the expert opinion
Expert Opinion
values
Resistance values taken from the optimized Maine-New Hampshire
Modified Expert
multivariate model. Values for forest and roads were replaced with
Opinion
optimized univariate values from Cape Cod.
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Mixed effect modeling
In addition to Mantel tests, we also employed mixed effect modeling to assess landscape
influences on gene flow. The Mantel test has received much scrutiny within the field of
landscape genetics, and its efficacy has been a topic of recent debate (Balkenhol et al. 2009;
Guillot and Rousset 2013; Graves et al. 2013). One relevant downfall is that the Mantel test
provides no means of addressing model fit or the relative importance of different variables
(Lichstein 2007; Legendre & Fortin 2010). We chose to use the Mantel and partial Mantel test to
optimize our univariate resistance surfaces as they are appropriate for comparing distance
matrices (Legendre and Fortin 2010), however, we evaluated the relative importance of our
univariate and multivariate models using a linear mixed effects modeling approach, following
van Strien et al. (2012). The cost distance output from each optimized landscape feature was run
using the lmer function in the lme4 R package (Bates et al. 2014), and the model that produced
the highest R2β statistic (Edwards et al. 2008; pbkrtest R package –Halekoh and Højsgaard 2014)
was chosen as the top model. As individual landscape features were highly correlated, we
applied mixed effect models to the cost-distance outputs of our multivariate models rather than
building the mixed effect models using individual landscape features (following Peterman et al.
2014).

Results
Of the 75 New England cottontail samples, 66 samples yielded complete genotypes (i.e.
missing no more than 4 loci) and 62 of those were identified as unique individuals. PSIB =
2.02x10-5 across the Str loci, indicating the probability of encountering two individuals with
identical genotypes was sufficiently low (PSIB <0.01; Waits et al. 2001).
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Evaluation of microsatellite markers
Null alleles were found in Sfl08, Sfl11, Sfl15, Str19, Str26, Str30 and Str43, with null
allele proportions ranging from 6.7% - 30.6% (Table 2.3). The proportion of null alleles ranged
from 1.2% - 20.1% for the Str loci (species-specific) and 2.2% - 30.6% for the non-Str loci (not
species-specific; Table 2.3). Deviations from Hardy-Weinberg equilibrium were detected for
Sfl11, Sfl15, Sat3, Sol44, Sfl08, SRY, Str19, and Str43 (Table 2.3). A number of loci were in
linkage disequilibrium: Sfl11/Sfl08, SRY/Str18, Sat3/Str41, I16/Str46, SRY/Str10, Sol44/Str26,
Sat3/Str31, Str18/Str08, Str41/Str08, Str18/Str10, Str18/Str26, Str46/Str02, and Str41/Str31.
The number of alleles in the non-Str loci ranged from 2 (INRA16) to 9 (SRY) with an
average of 5 alleles/locus (Table 3). The number of alleles in the Str loci ranged from 3 (Str25)
to 7 (Str08, Str26) for an average of 5 alleles/locus. Overall allelic richness was 4.82 for non-Str
primers and 4.97 for Str primers. Observed heterozygosity per locus was almost always lower
than expected heterozygosity. Observed heterozygosity for each primer set was also lower than
expected (non-Str: Ho = 0.41, He = 0.59; Str Ho = 0.54, He = 0.62). FIS ranged from 0-0.89 with
an average of 0.32 for non-Str loci and from 0-0.55 with an average of 0.14 for Str loci (Table
2.3).
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Table 2.3: Genetic diversity metrics for all loci genotyped in the Cape Cod New England
cottontail population. Loci in the top panel (Sfl11, Sfl08, Sfl15, Sat3, Sol44, INRA16, SRY) are
non-species specific while loci in the bottom panel (all Str loci) were designed specifically for
the New England cottontail. Significant p-values (p<0.05) are indicated in bold.

Sfl08
Sfl11
Sfl15
Sat3
Sol44
I16
SRY
Str02
Str08
Str10
Str15
Str18
Str19
Str24
Str25
Str26
Str30
Str32
Str41
Str43
Str46
Str49

# Alleles

Allelic Richness

Fis

5
5
3
6
5
2
9
5
7
4
6
4
5
4
3
7
6
5
5
6
4
4

5
4.773
2.937
5.276
4.767
2
9
4.917
6.993
4
6
3.932
5
4
3
6.894
5.964
4.999
4.994
5.864
4
4

0.744
0.474
0.898
0.114
-0.067
0.091
0.062
0.091
-0.048
0.043
0.079
0.143
0.547
0.057
0.145
0.192
0.17
0.075
0.151
0.332
-0.053
0.069

HWE
(p-value)
0.0001
0.0001
0.0001
0.0127
0.0001
0.7913
0.0008
0.1949
0.3042
0.3495
0.2494
0.2922
0.0001
0.2209
0.3205
0.2027
0.1647
0.7252
0.0597
0.0001
0.6201
0.2822
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Ho

He

0.164
0.338
0.041
0.473
0.595
0.444
0.795
0.617
0.767
0.508
0.672
0.525
0.273
0.533
0.373
0.534
0.596
0.583
0.517
0.475
0.517
0.644

0.707
0.550
0.460
0.529
0.581
0.461
0.814
0.672
0.726
0.513
0.723
0.607
0.594
0.561
0.432
0.655
0.711
0.625
0.603
0.703
0.487
0.685

Null
Alleles
Y
Y
Y
N
N
N
N
N
N
N
N
N
Y
N
N
Y
Y
N
N
Y
N
N

Proportion
Null Alleles
30.6%
16.3%
27.0%
3.8%
2.7%
2.6%
2.2%
3.3%
2.4%
1.2%
2.9%
5.1%
20.1%
1.8%
4.1%
7.26%
6.7%
2.6%
5.4%
13.4%
2.0%
2.5%

Population structure
Bayesian clustering and principal component analysis methods both identified
homogeneity of genetic structure within the Cape Cod population. Although STRUCTURE analysis
identified a high peak of support by both deltaK and LnPD for K=2 for both admixture and noadmixture models (Figure 2.2), examination of bar plots and individual assignment probabilities
revealed that each individual was assigned evenly to the two populations, indicating a false substructuring signature (Figure 2.3). Discriminant analysis of principal components also identified
2 discreet population clusters via BIC (Figure 2.4), however, associated scatterplots spatially
grouped all individuals into one cluster (Figure 2.5). Due to lack of clear evidence of spatial
population structuring, all subsequent results are reported for the study area as a single
population.
Effective population size for the Cape Cod New England cottontail population was
estimated to be 96.8 (95% CI: 65.4-184.9) using LDNe and 58.8 (95% CI: 49.8-90.1) using the
ONeSAMP method. Although the estimates differed, there was considerable overlap in the
confidence intervals.
Significant spatial genetic structure was detected for males (n = 35) and females (n = 27)
separately, as well as for all individuals combined. Spatial genetic structure was significant for
females up to 2 km (r = 0.101, P = 0.02) and detected up to 9.8 km, although there were few
females at close (<500 m) distance classes (Figure 2.6a). For males, spatial genetic structure was
only significant up to 250 m (Figure 2.6b; r = 0.179, P = 0.002) but extended to 6 km. For both
sexes combined, significant spatial genetic structure was detected up to distances of 4 km (Figure
2.6c; r = 0.068, P = 0.001) and overall relatedness was detected to 6.8 km.
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BOTTLENECK

tests showed evidence of significant heterozygosity excess when the

proportion of single-step mutation model was 70% or less, indicating a recent bottleneck
signature in the population (Table 2.4). This held true over all levels of variance in size of the
multistep mutations. M-ratio tests, however, failed to detect any evidence of a bottleneck; all
calculated M-ratios were higher than the simulated critical M-ratio. Changing the estimated
historic effective population size, mean size of mutations, or the proportion of multi-step
mutations did not affect the results.
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Figure 2.2: Mean LnPD (top) and deltaK (bottom) of the STRUCTURE results for the Cape Cod
New England cottontail population. Both evaluation methods identified a peak of support for K
= 2, indicating two genetically distinct population clusters on Cape Cod.
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% Assignment

Figure 2.3: Bar plot of structure results. Each New England cottontail individual was assigned
equally to the two identified genetic clusters (Population 1 – orange; Population 2 - blue).

Individual
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Figure 2.4: Bayesian Information Criterion results from Discriminant Analysis of Principal
Components indicate that K = 2 (the value which minimizes the BIC) corresponds to the most
likely number of genetic clusters of New England cottontails on Cape Cod.

Figure 2.5: Genetic structuring in Cape Cod New England cottontails, based on the first two
principal components. Color indicates distance; more distinct colors represent a greater number
of genetic differences. Retained PC scores do not appear to explain variation in genetic
distances found in this population.
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Figure 6: Spatial autocorrelation of New England cottontail individuals by sex. R-values (blue
lines) indicate relatedness while the upper and lower confidence intervals are represented by the
red dotted lines.
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5.5

7

Table 2.4: Bottleneck tests for heterozygosity excess in the Cape Cod New England cottontail
population. %SMM is the proportion of single-step mutations considered in the two-phase
mutation model. Significant heterozygosity excess is indicative of a recent bottleneck.
Probability
(heterozygote
%SMM Variance
excess)
90
4
0.7193
80
4
0.2444
70
4
0.1147
60
4
0.0473
90
8
0.5110
80
8
0.1384
70
8
0.0473
60
8
0.0075
90
12
0.2997
80
12
0.0844
70
12
0.0151
60
12
0.0017

Modeshift
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
normal
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Landscape influences on gene flow
Roads and forests were significant barriers to gene flow while powerline corridors and
emergent wetlands were significant facilitators to gene flow (Table 2.5). The forest model
reached a unimodal peak at a resistance value of 25. The top roads model assigned differing
values to each road class, with high-volume (class 1) roads having the highest resistance values
(resistance values: 50, 25, 10, 5, 2). Geographic distance was also a significant predictor of gene
flow. Mantel correlations for development, fields, water, and wetlands as barriers did not vary
with changing resistance values, and these features, as well as the other tested facilitator features,
were not significantly correlated with gene flow after controlling for geographic distance (Table
2.5). Mixed effect models identified forests as barriers as the top univariate predictor of New
England cottontail genetic distance, followed by emergent wetlands as facilitators, geographic
distance, powerlines as facilitators, and roads as barriers (Table 2.6).
Mixed effect models identified the Natural Features model –forests as barriers and
emergent wetlands as facilitators as the most explanatory predictor of New England cottontail
gene flow (Table 2.7). In general, barrier multivariate models were more strongly correlated with
gene flow than facilitator multivariate models and mixed effect models gave stronger support to
models that included buffered roads over models that considered roads only as barriers. Models
that included buffered roads were not significantly correlated with genetic distance at the partial
Mantel level. Expert Opinion models – both the original expert opinion model (B. Charry, K.
O’Brien, K. Boland, L. Fenderson, unpublished) and the modified expert model – were
significant predictors of genetic distance even when geographic distance was accounted for, and
the original expert model was one of the top mixed effect model predictors of gene flow (Table
2.7).
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Table 2.5: Models run in least cost path optimization process for features influencing New
England cottontail gene flow on Cape Cod. All facilitator models are given resistance values of
1. Italics indicate significant Mantel or partial Mantel r correlations (p<0.05). Top models
within each category are indicated in bold.
Model
Geographic
Distance
Expert

Development

Roads

Forest

Fields

Water

Forested Wetlands

Resistance
Value

Mantel's r

P-value

Partial
Mantel's r

P-value

Expert Opinion
5
10
25
50
500
50, 50, 25, 25, 25
100, 50, 25, 10, 5
50, 25, 10, 5, 2
500, 50, 25, 10, 5
250, 100, 10, 10, 5
500, 250, 100, 10, 5
Facilitator
5
10
25
50
Facilitator
5
10
25
5
10
25
50
100
500
1000
Facilitator
5
10
25
50

0.116
0.147
0.118
0.115
0.113
0.121
0.100
0.146
0.177
0.167
0.180
0.176
0.150
0.100
0.139
0.146
0.151
0.148
0.131
0.133
0.132
0.132
0.132
0.132
0.132
0.132
0.130
0.130
0.130
0.132
0.133
0.133
0.132
0.132

0.008
0.001
0.008
0.011
0.028
0.035
0.096
0.003
0.001
0.001
0.001
0.002
0.005
0.096
0.002
0.001
0.000
0.003
0.002
0.002
0.002
0.002
0.002
0.003
0.002
0.002
0.002
0.003
0.003
0.002
0.002
0.001
0.002
0.002

0.092
0.023
0.013
0.017
0.044
0.047
0.133
0.189
0.197
0.147
0.141
0.095
0.039
0.077
0.088
0.097
0.093
0.070
0.089
0.089
0.086
0.090
0.090
0.090
0.090
0.059
0.059
0.059
0.083
0.090
0.089
0.088
0.085

0.039
0.330
0.397
0.392
0.269
0.268
0.013
0.005
0.003
0.007
0.008
0.045
0.289
0.042
0.034
0.047
0.075
0.115
0.060
0.062
0.071
0.058
0.054
0.058
0.057
0.078
0.083
0.084
0.051
0.056
0.059
0.063
0.076
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Facilitators
(resistance = 1)

Palustrine
Emergent
Scrub/Shrub
Scrub/Shrub
Pine Barrens
Linear
Roads 1-3
Powerlines
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0.135

0.002

0.108

0.030

0.131
0.100
0.116
-0.090
-0.087
0.164

0.004
0.023
0.029
0.899
0.896
0.007

0.075
0.034
0.044
-0.118
-0.101
0.134

0.094
0.223
0.231
0.955
0.925
0.024

Table 2.6: Top univariate least cost path models assessing landscape influences on New England
cottontail gene flow. Table includes Mantel and mixed effect model results. Asterisks (*) indicate
significant Mantel correlations while the top model for the mixed effect models are in bold.
R2β

0.167***
0.151***

Partial
Mantel r
0.197***
0.097*

0.135***

0.108*

0.024

0.164***

0.134*

0.023

Model

Mantel r

Roads
Forest
Emergent
Wetlands
Powerlines
Geographic
Distance

0.116***

0.019
0.035

0.023

Table 2.7: Multivariate model results for both least cost path analyses (partial Mantel r) and
mixed effect (R2β) models across the Cape Cod New England cottontail population. Asterisks (*)
indicate significant Mantel correlations while the top model for the mixed effect models are in
bold.
Partial
Mantel r

R2 β

0.162***

0.118**

0.0332

0.160***

0.114*

0.0305

0.147***

0.118*

0.0259

0.183***
0.176***
0.136***
0.116***
0.146***
0.152***

0.157***
0.141***
0.073

0.0282
0.0285
0.0327
0.0234
0.0326
0.0275

Mantel r
Forest (barrier) and Emergent Wetlands
(facilitator)
Roads (barrier) and Powerlines
(facilitator)
Facilitators – powerlines and emergent
wetlands
Barriers – roads and forest
All Features
All Features (buffered roads)
Geographic Distance
Expert Opinion
Modified Expert Opinion
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0.090*
0.103*

Discussion
History and patterns of land use influence contemporary population structure and gene
flow (Zellmer and Knowles 2009). The Cape Cod landscape has been heavily influenced by
human development; the isolation from the mainland and the small amount of scrub/shrub
habitat on the landscape have had important consequences for functional connectivity and
genetic diversity of the New England cottontail population. We assessed these patterns using a
newly developed suite of species-specific microsatellite markers, which we show to have better
performance than a previous panel of non-species specific markers for evaluating fine-scale
population structure for New England cottontails on Cape Cod.

Microsatellite marker evaluation
The panel of New England cottontail-specific microsatellite (Str) markers outperformed
those designed for closely related lagomorphs (non-Str). Although overall the two panels
displayed similar levels of polymorphism, two of the non-Str loci were completely monomorphic
in the Cape Cod population, despite displaying polymorphism in other New England cottontail
populations (personal observation). In addition, three out of the seven polymorphic non-Str loci
(Sfl08, Sfl11, Sfl15) exhibited extremely high inbreeding coefficients, low observed
heterozygosities, and a high frequency of null alleles, suggesting that they are not appropriate for
investigating population genetic structure within the Cape Cod cottontail population. Conversely,
only two of the fifteen Str loci (Str19 and Str43) displayed departure from Hardy-Weinberg
equilibrium; these loci also had null alleles and higher than average inbreeding coefficients.
While the inclusion of the Str19 and Str43 loci in the analyses did not affect the results of this
study (same results were obtained with and without these 2 loci), their null alleles and deviance
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from equilibrium suggest they are unsuitable for future population genetic analyses within the
Cape Cod population. Overall, the New England cottontail-specific Str panel included a greater
proportion of loci that displayed few null alleles, greater heterozygosity, and lacked deviations
from Hardy-Weinberg equilibrium, making their performance superior to the non-specific loci.
The Str loci, however, displayed high levels of linkage disequilibrium, which raises
statistical concerns about the potential non-independence of genetic data from physically linked
loci (Pritchard et al. 2000). With the exception of Str24 and Str32, most pairs of Str loci showed
signs of linkage disequilibrium; Str43 in particular was linked to several other Str loci. Linkage
disequilibrium can be found in structured populations (Hedrick 2005; Zartman et al. 2006; Li and
Merilä 2010), particularly those formed from the admixture of two previously discrete
populations. These admixed populations display linkage disequilibrium due to variations and
correlations in allele frequencies within the ancestral populations (Falush et al. 2003) rather than
due to physical proximity of loci. Linkage disequilibrium may also be found in small populations
as a result of recent subdivision or fragmentation (Frankham et al. 2002; Zartman et al. 2006).
Previously Fenderson et al. (2011) identified population-specific linkage disequilibrium,
including in the Cape Cod population, consistent with a lack of physical linkage. The absence of
linkage disequilibrium at the Str loci in cottontails in the Maine-New Hampshire and Central
New Hampshire populations further argue against the presence of tightly, physically linked loci
(A. Kovach, T. Kristensen, and K. Papanastassiou, unpublished data). The identification of two
genetic populations on Cape Cod without clear spatial distinctions for these putative populations
indicates the potential for population mixing. As such, the Str markers tested here likely display
linkage disequilibrium due to recent admixture within a small, isolated population rather than
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physical linkage and are statistically appropriate for use in future investigations of population
genetic structure of New England cottontail populations range-wide.
High levels of linkage disequilibrium may affect the outcomes of certain analyses.
Clustering algorithms, such as the one used by STRUCTURE, are sensitive to tightly linked loci as
they violate the assumption that each genetic marker provides independent data about ancestry
(Pritchard et al. 2000). To compensate for this I used the admixture model, which accounts for
linkage disequilibrium due to mixed population ancestry. More specific linkage models (Falush
et al. 2003) require information about the physical locations of markers within the New England
cottontail genome, which are currently unknown, and as described above we have evidence that
these markers are not tightly physically linked.

Population diversity and structure
Clustering analyses identified two populations of cottontails on Cape Cod, although
subsequent assignment tests lacked the ability to assign individuals to a distinct population. As
such we considered New England cottontails to comprise one panmictic population on Cape
Cod. This supported my hypothesis that Cape Cod sustains one genetically homogeneous New
England cottontail population; however, further analyses identified restricted gene flow on a fine
scale. Spatial autocorrelation identified significant spatial structure, with relatedness between
individuals extended up to 6.8 km. This distance is comparable to the extent of spatial structuring
found in the highly fragmented Kittery subpopulations in southern Maine (Fenderson 2011). We
also found evidence for male-biased dispersal, with females being related approximately 3 km
further across the landscape than males. Previously, Fenderson (2010) identified female-biased
dispersal in a relatively well-connected Cape Elizabeth subpopulation of Maine-New Hampshire
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and male-biased dispersal in two more fragmented populations (Kittery East and Kittery West).
This pattern led Fenderson (2010) to hypothesize that patterns of sex-biased dispersal may be
influenced by fragmentation levels, habitat quality, and population density and may vary in a
condition-dependent manner. The fine-scale dispersal pattern found on Cape Cod is similar to
that of the Kittery West subpopulation (Fenderson 2010), which is the most fragmented of the
Maine-New Hampshire landscape. This suggests fragmentation of the Cape Cod landscape
similarly restricts dispersal for New England cottontails.
The estimated effective population size (59-97) is well below the recommended effective
population size threshold for long-term population persistence (500) and close to the
recommended minimum for reducing the short-term extinction risk (50; Franklin 1980). This
"50/500" rule is controversial, with arguments that the thresholds are too low for effective
conservation management (Frankham et al. 2014), inappropriately high for certain populations;
e.g., long-lived organisms (Shoemaker et al. 2013), or that genetic diversity, not thresholds,
should be the focus of recovery plans (Jamieson and Allendorf 2012). Nonetheless, New
England cottontail population size on Cape Cod is not robust, especially considering the inability
of new migrants to enter the population due to the isolating effect of the Cape Cod Canal.
Fenderson et al. (2011) also identified a low effective population size (35-39) for the Cape Cod
New England cottontail population. The effective population size estimates reported here are
slightly higher (59-97). This difference could be explained by either larger sample sizes and
number of microsatellites used in this study, or by a recent expansion of the population. The
samples used in this study were from a more recent period than those used in Fenderson et al.
(2011) and it is possible that the population is expanding, recovering from a past bottleneck.
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Evidence of a population bottleneck was found in the Cape Cod New England cottontails.
This bottleneck was detected using the BOTTLENECK approach, but not the M-ratio method.
Fenderson et al. (2011) also found evidence of a bottleneck, although it was identified by the Mratio method. The methods employed by these two programs differ in their ability to detect
bottleneck signatures and their sensitivity to parameters and demographic history of the
population (Williamson-Nateson et al. 2005; Peery et al. 2012). It is commonly assumed that
differences in these methods of detection can infer timing of the bottleneck, however, recent
simulations suggest that this is not the case (Peery et al. 2012). Despite the challenge of
determining its exact timing, the findings of this study and of Fenderson et al. (2011) provide
strong evidence that the Cape Cod population of New England cottontails underwent a
bottleneck in the past century and has been reduced significantly from historic levels. The
identification of a bottleneck via heterozygosity excess tests further suggests low pre-bottleneck
population size or that the population has not recovered following the detected bottleneck
(Williamson-Nateson et al. 2005).
Given the number of threats and the extensive contraction of the range-wide New
England cottontail population (Litvaitis et al. 2006; Tash and Litvaitis 2007; Fenderson et al.
2011), the low effective population size and history of genetic drift on Cape Cod is cause for
concern. Fenderson (2011) found reduced allelic diversity in the Cape Cod population relative to
other geographic populations in the species’ range, a pattern that was reinforced in this study.
The non-species-specific loci (non-Str) used here were chosen based on their performance in
other New England cottontail populations (Fenderson 2011); however, two of these loci lacked
polymorphism in the Cape Cod population. Certain loci also exhibited higher inbreeding
coefficients than had been found in the Maine-New Hampshire population (Fenderson et al.
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2014). Most of the species-specific loci did not deviate from Hardy-Weinberg equilibrium and
did not exhibit significantly high amounts of inbreeding, despite the low effective population
size. The linkage disequilibrium displayed by many pairs of species-specific loci, however, is
likely an effect of the low population size. Differences in allelic richness of these loci between
the Cape Cod population and other New England cottontail populations remain to be explored.
Stochastic events acting on the small population numbers and already reduced genetic diversity
remains a concern for the Cape Cod New England cottontails. Opportunities for population
expansion on Cape Cod are limited by the low amount of suitable habitat. Competition with
eastern cottontails is another potential barrier to colonizing new patches (Litvaitis et al. 2008). In
addition, there is no source population for new genetic material. The Cape Cod population is
geographically isolated from the rest of the New England cottontails. Translocation or the release
of captive-bred rabbits is the only means of introducing novel genetic diversity into this
population. Without the genetic augmentation provided by these reintroductions, the geographic
isolation and lack of gene flow via immigration remain a concern.

Landscape influences on gene flow
Forests and roads were found to be significant barriers to New England cottontail gene
flow on Cape Cod. Roads as barriers were most strongly correlated with genetic structure in the
Mantel tests while forests as barriers were the most explanatory landscape feature in the mixed
effect models. The configuration of roads on the landscape had a greater effect on cottontail
movement than I had predicted. Major (classes 1-3) roads intersect our study area from both East
to West and North to South, crossing between New England cottontail locations and fragmenting
their distribution. This barrier effect of roads may be driving some of the restricted dispersal
78

patterns that were identified in this study area. The barrier effect of forests was consistent with
our expectations and previous research. Forests were found to be a barrier landcover type in the
Maine-New Hampshire landscape (Chapter 1) and are negatively correlated with New England
cottontail occupancy range-wide (Tash and Litvaitis 2007), despite differences in forest
composition and structure across the region. Forests occupy nearly a quarter of the Cape Cod
landscape and are almost entirely classified as pine-barrens habitat, which includes the pitch pine
and scrub/oak forests favored by New England cottontail. The identification of forest as a barrier
landcover type and the lack of facilitating effect of pine barrens suggests that, contrary to my
hypothesis, not all pine barrens are equally suitable for cottontails and therefore do not all
facilitate movement. Pine barrens are comprised of both pitch pine and scrub oak. It is likely that
dense patches of scrub oak provide habitat for cottontails while pine barrens dominated by pitch
pine and lacking a thick understory are less suitable. The spatial resolution of the pine barrens
layer generated by The Nature Conservancy (Feree and Anderson 2013) was insufficient to
identify the dense cover favored by cottontails. The inclusion of LiDAR-detected 1-3 meter
shrubby vegetation may provide a solution to this problem. LiDAR is capable of identifying
vegetation structure at a higher resolution than Landsat imagery (Lefsky et al. 2002), and its
capacity for detecting understory habitat is ideal for identifying the vegetation used by
cottontails. LiDAR data improved landscape models in the Cape Elizabeth subpopulation in
Maine (Chapter 1) and would likely improve our understanding of both the spatial distribution of
New England cottontail habitat and cottontail dispersal on Cape Cod.
Powerline corridors and palustrine emergent wetlands facilitated cottontail dispersal. The
facilitating effect of both powerlines and emergent wetlands was also found in the Maine-New
Hampshire New England cottontail population (Chapter 1). These findings in Cape Cod support
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the idea that a mix of natural and anthropogenic landscape features are important to cottontail
dispersal. This also supports our findings in Maine-New Hampshire that even very small (0.54%) amounts of ideal landcover types can influence dispersal. Scrub/shrub habitat, which
accounts for 2.6% of the landscape, was not correlated with New England cottontail genetic
distances, although it is preferred suitable habitat. Landscape context, however, may explain this
pattern, as half of the scrub-shrub present in the study area is found on the Massachusetts
Military Reserve and much of the rest is within powerline corridors. Further, the low resolution
in the landcover layer for identifying cottontail habitat may have been a confounding factor for
evaluating the influence of scrub-shrub. As in the Maine-New Hampshire population, wetlands
on Cape Cod may act as stepping-stone areas for short-distance dispersal, while the powerline
corridor aids long-distance dispersal. Tash and Litvaitis (2007) found that, particularly in the
north- and south-eastern regions of the New England cottontail range, anthropogenic dispersal
habitat was positively correlated with cottontail occupancy. The major powerline parallels one of
Cape Cod's major multi-lane roads, providing a low-risk travel corridor, and may be instrumental
in linking the large proportion of scrub-shrub habitat on the Massachusetts Military Reserve to
the rest of the New England cottontail population.
Multivariate models comprised of barrier features were better predictors of gene flow
than multivariate models comprised of facilitating features. Thus the facilitating effect of
powerlines and emergent wetlands do not overcome the negative influences of habitat
fragmentation on Cape Cod. In addition, natural features were more highly correlated with gene
flow than anthropogenic features as the Natural Features model was the top predictor of genetic
distance in the mixed effect models. This is likely due to the strong influence of forest on New
England cottontail movement, as seen in the univariate mixed effect models. Roadsides did not
80

appear to have the strong facilitating effect on dispersal that I predicted. Although models
including buffered roads terms outperformed models with roads as barriers terms in the mixed
effect models, the buffered roads models were not significantly correlated with genetic distance
in the partial Mantel tests. In addition, the lack of support for a univariate roadside facilitator
model, suggests that roadsides may not be an important factor influencing New England
cottontail movement on Cape Cod. While roadsides were an important dispersal mechanism in
Maine and New Hampshire (Chapter 1), the Maine-New Hampshire study area has half as many
roads and half as much development as the Cape Cod landscape. Differences in the number of
roads, and thus the number of intersections, between the two study areas as well as the more
developed landscape of Cape Cod may help to explain the lack of a strong facilitating effect by
roadsides. . It is likely, therefore, that while roadsides are important linear dispersal conduits,
there may be a threshold road density of a landscape beyond which the facilitating effect of
roadsides is diminished. Research from additional study areas with different road densities is
needed to test this hypothesis.
Methodological limitations to this study include the sampling scheme, which was more
opportunistic than systematic. As such the genetic origins of some samples may not correspond
to their geographic locations. A non-systematic sampling scheme could confound the population
structure and landscape analyses (Storfer et al. 2007; Schwartz and McKelvey 2009). Due to the
highly patchy and fragmented landscape and low levels of scrub/shrub habitat, however, I would
expect the results of this study to hold true even if a more systematic sampling scheme was
applied in the future.
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Conclusion
The complicated pattern of land use change on Cape Cod and the low current amount of
New England cottontail habitat may help to explain the restricted fine-scale dispersal patterns
and population bottleneck found in this study. Like much of the northeastern United States, the
Cape Cod landscape was heavily modified after European settlement. Although deforestation
was less pronounced than on the mainland due to the low agricultural potential of Cape Cod's
sandy soils, livestock grazing and pastureland was widespread (Foster et al. 2002). A major
disturbance was caused by the Hurricane of 1938, which produced a concentrated storm surge of
5 meters or more along the western coast of Cape Cod (Paulsen 1940; Redfield and Miller 1957)
and left Falmouth, MA under 2.6 meters of water. Although there is little record of wind damage
to Cape Cod during the hurricane, a wind gust of 299 km/hour was recorded 60 kilometers to the
northwest, at the Blue Hills Observatory. The combination of winds and flooding may have
negatively impacted New England cottontails and their habitat. Post-hurricane, an increase in
early successional habitat due to farm abandonment likely provided a peak amount of New
England cottontail habitat in the mid-twentieth century (Litvaitis 1993). By the 1990s, however,
divided highways were present and the human population on Cape Cod had doubled in the past
decade, reducing and fragmenting available cottontail habitat
(http://whrc.org/mapping/capecod/index.html). The bottleneck detected in the New England
cottontail population may be a result of this increased anthropogenic pressure that occurred
between 1960 and 1990. Alternately, the Hurricane itself may have directly caused a decline in
the New England cottontail population, a bottleneck which would have been exacerbated by a
lack of immigration due to the Cape Cod Canal. The history of bottleneck, low effective
population size, and large dispersal distances exhibited by this population, in conjunction with
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strong barrier landscape effects, suggest that this population is vulnerable to future habitat loss
and fragmentation. A management focus on enhancing the suitability of existing pine barrens
habitat, either by opening up large areas of scrub oak or managing for dense shrub cover under
the existing pitch pine overstory, could benefit New England cottontail dispersal and
connectivity on Cape Cod.
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CONCLUSIONS
Characterizing the genetic variation and functional connectivity of isolated populations
can provide vital information about their vulnerability. Generally, low effective population sizes,
high levels of local linkage disequilibrium, signatures of a bottleneck, and evidence of spatial
structuring and restricted dispersal are considered potential population risk factors (Frankham et
al. 2002). The New England cottontail displays many of these characteristics both at the local
population level and across the range (Fenderson et al. 2011, 2014). Thus the overarching
objective of this study was to address the question "What is the best way to link fragmented
populations so that gene flow continues and the New England cottontail population as a
whole remains robust and healthy?" (Fuller and Tur 2012). By evaluating landscape resistance
patterns across multiple, replicated landscapes, I identified landscape features that consistently
influenced cottontail dispersal as well as factors that had local importance. In general, barrier
features had a greater influence on gene flow in fragmented landscapes while facilitator features
had a greater influence in more connected landscapes. While species that specialize on patchily
distributed habitats often exhibit generalist dispersal patterns (Centeno-Cuadros et al. 2011;
Laurence et al. 2013; Pereoglou et al. 2103), I found that, in contrast, the New England cottontail
was highly specialized on patchy early successional habitats in both its patch occupancy and
dispersal.
I found that the majority of the matrix elements had a barrier effect on cottontail gene
flow, particularly roads, development, forest and forested wetlands, with the relative influence of
these features dependent on the landscape context and composition. Only features comprised of
natural (scrub-shrub, scrub-shrub and palustrine emergent wetlands) or anthropogenic scrub84

shrub habitats (roadsides, powerlines, and railroads) facilitated cottontail gene flow, and these
features comprised only a small percentage of the cottontail’s landscape. Even on Cape Cod,
where I expected connectivity to be high due to the presence of pine barrens, my results
indicated that suitable cottontail dispersal habitat is limited. Pine barrens - as distinguished by
the 30-meter resolution available to this study - was not a facilitating dispersal habitat for New
England cottontails. Scrub-shrub habitat accounted for only 3-5% of each study area but there
were key differences in the amount and configuration of barrier landcover types. The Kittery and
Cape Cod landscapes were the most fragmented: the Kittery landscape contained a major water
barrier – the Piscataqua River – and an interstate highway, while half of the Cape Cod study area
was covered by roads. There was evidence of restricted dispersal in both of these landscapes
(Fenderson 2010; Results, Chapter 2). In contrast, there were no multi-lane highways within the
Cape Elizabeth landscape, a higher density of New England cottontails, and higher gene flow on
a fine-scale (Fenderson 2010). Despite differences in fragmentation levels, barrier features were
the top predictors of gene flow in all study areas. Cottontail dispersal in the Cape Elizabeth
subpopulation was also influenced by facilitating features, whereas facilitating features were not
strong predictors of gene flow in Kittery and Cape Cod. The strong effect of barrier features in
all study regions implies that even in the less fragmented Cape Elizabeth region there is a need
for maintaining and improving shrubland habitat. In other areas, restricted dispersal patterns and
lack of influence of facilitating features indicates a strong need for increasing the amount of
scrub-shrub habitat and facilitating features across these landscapes.
As a consequence of habitat loss and fragmentation, patches and populations can become
permanently isolated due to a scarcity of long-distance dispersal routes. I found few possibilities
for long-distance dispersal, particularly across the Maine-New Hampshire population, which is
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consistent with expectations for landscapes with limited amounts of patchily distributed suitable
habitat (Pinto and Keitt 2009). The high proportion of the landscape that is unsuitable for
cottontail dispersal results in very few options for movement pathways – these pathways are
restricted to the limited areas in which favorable habitats occur. These pathways included
powerline right-of-ways and roadsides, which provide contiguous stretches of shrubby
vegetation.
While anthropogenic landscape change has reduced and fragmented early successional
habitat, human-modified habitats within the Cape Cod and Maine-New Hampshire study areas
enhanced functional connectivity by providing suitable dispersal conduits for early successional
specialists. The shrubby habitat maintained along major roads facilitated New England cottontail
dispersal, particularly within subpopulations. Thus the barrier effects of roads can be mitigated
by maintaining quality shrubby habitat along roadsides. Powerline corridors have previously
supported cottontails in the Maine-New Hampshire study area (Litvaitis et al. 2006; Fenderson et
al. 2014) and currently provide habitat for cottontails in Connecticut (H. Kilpatrick, pers.
comm.). In this study, powerline right-of-ways were found to serve as important corridors in
both Maine-New Hampshire and Cape Cod. Powerlines have great potential for improving
landscape connectivity, especially at population-wide spatial scales.
Improving landscape connectivity for cottontails in the Maine-New Hampshire and Cape
Cod study areas is vital, as the populations in these regions occupy highly fragmented
landscapes, with natural and anthropogenic scrub-shrub habitat accounting for only 3-5% of the
total area. Cottontails in both study populations exhibit reduced genetic diversity and spatial
structuring due to landscape fragmentation (Fenderson 2010; Fenderson et al. 2014; Chapter 2).
Fenderson et al. (2014) identified reduced genetic diversity and low effective population sizes
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within the Maine-New Hampshire population. Similarly, I found that the Cape Cod New
England cottontail population displayed low effective population sizes, high levels of local
linkage disequilibrium, signatures of a bottleneck, and evidence of spatial structuring, suggesting
that functional connectivity is compromised within this study area. Population bottlenecks do not
always cause a subsequent decrease in fitness (Bouzat 2010); however, I found evidence for
reduced diversity and genetic drift indicating that the Cape Cod population is suffering from
continued isolation. Cape Cod is effectively isolated from the mainland due to the Cape Cod
Canal and as a consequence there are no opportunities for new genetic material via immigration.
Population expansion within the Cape Cod population is limited due to a sparse amount of
suitable habitat and a high proportion of roads and developed land. Thus patch isolation and a
subsequent subdivision of the population may become a problem in the future, particularly given
the low levels of genetic diversity that have followed the recent bottleneck.
Management and conservation of New England cottontails is currently focused on
maintaining and expanding scrub/shrub habitat patches. States participating in the New England
cottontail Conservation Strategy each have set habitat restoration goals; however, habitat must be
restored in such a way that landscape connectivity is improved. It is important to consider local
landscape context and influences, such as major waterbodies, localized areas of high
development, or interstate highways, as certain features can affect dispersal differentially at the
metapopulation level than between populations. Based on the results of this study, I recommend
prioritizing restoration areas near other occupied cottontail patches, or adjacent to existing
emergent or scrub-shrub wetlands, overgrown field edges, or powerline corridors. Given the
option, it is preferable to cluster managed patches on one side of a roadway so as to take
advantage of the facilitating effect of roads. Embedding managed patches in a matrix of heavy
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development, mature forest, or forested wetlands is not recommended, as these landcover types
inhibit connectivity.
I also recommend the use of LiDAR for identifying existing high-quality cottontail
habitat. Dense scrub-shrub habitat is difficult to detect at the 30-meter resolution available to
Landsat imagery, particularly when it occurs in the forest understory or in small, fragmented
patches. LiDAR data are capable of classifying the short stature vegetation preferred by New
England cottontails, even at fine resolutions. The addition of LiDAR-derived habitat maps
improved the connectivity models for the Cape Elizabeth subpopulation and would greatly
improve the ability to detect cottontail habitat within the general pine barrens matrix on Cape
Cod. LiDAR flights have been flown over costal New Hampshire and southern Maine, as well as
over Cape Cod; although the data still require processing, it would be well worth the investment
to understand the spatial distribution of dense 1-3 meter vegetation within New England
cottontail conservation focal areas.
By using a comparative landscape genetics approach I was able to identify features that
influenced New England cottontail dispersal within three subpopulations in two geographic
areas. This study provides information that can be used to guide the ongoing New England
cottontail conservation and habitat restoration effort. Future comparative work across the rangewide population will provide further insights about how habitat configuration, fragmentation
levels, population density, and the presence of specific landscape features promote or inhibit
connectivity.
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APPENDIX I
Table S1.1: Comparison of each landscape feature's hypothesized relationship to gene flow vs.
the identified relationship with gene flow (based on univariate LCP results). Plus signs indicate
postive relationship, minus signs indicate negative relationship. LiDAR-detected habitat data
were only available for Cape Elizabeth.
Hypothesized
Identified
Landscape Variable
Relationship to Gene
Relationship to
Flow
Gene Flow
Roads
Development
Fields
-/+
Forest
Water
Scrub/Shrub
+
+
Forested Wetlands
+
Scrub/Shrub Wetlands
+
+
Estuarine Emergent
Wetlands
+
Palustrine Emergent
Wetlands
+
+
Linear Facilitators
+
+
LiDAR-detected habitat*
+
+
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Table S1.2: Mantel and partial Mantel r correlations for models with the addition of buffered
roads and LiDAR, as compared to models not including these features. The addition of buffered
roads or LiDAR improved model fit.
Model
Mantel p-value Partial
p-value
Mantel
Cape
All Facilitators
0.1165 0.0126
0.0728 0.0885
Elizabeth
All Facilitators +
0.1231 0.0111
0.0826 0.0591
LiDAR
Natural Facilitators
0.1426 0.0029
0.0973 0.0265
Natural Facilitators + 0.1483 0.0022
0.1053 0.0191
LiDAR
Full model
0.1821 0.0001
0.1482 0.0005
Full model + roads
0.2164 0.0001
0.1933 0.0001
1-3 buffered
Full model + roads
0.2217 0.0001
0.2002 0.0001
1-6 buffered
Full model
0.3866 0.0001
0.2166 0.0004
Full model + roads
0.3971 0.0001
0.2584 0.0001
Kittery
1-3 buffered
Full model + roads
0.3870 0.0001
0.2563 0.0001
1-6 buffered

Table S1.3: Mantel and partial Mantel correlations between full population model resistance
values and genetic distance. The model that included resistance values from Cape
Elizabeth univariate optimization and roads class 1-3 buffered as facilitators was the
only model significantly correlated with gene flow when the effects of geographic
distance were considered (partial Mantel r, p<0.05).
Mantel pPartial Mantel
Multivariate Model
r
value
r
p-value
0.1813 0.0001
0.0255
0.2490
Expert Opinion Values
0.1902
0.0001
0.0454
0.1120
Optimized Cape E Values
0.2032 0.0001
0.0644
0.0408
Roads 1-3 buffered
0.1977 0.0001
0.0399
0.1426
Roads 1-6 buffered
Optimized southern ME
0.1919 0.0001
0.0431
0.1165
Values
0.1880 0.0001
0.0391
0.1530
Average Optimized Values
0.1887
0.0001
0.0425
0.1312
Max Optimized Values
0.1938 0.0001
Isolation By Distance
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APPENDIX II
Table S2.1: Multiplex PCR conditions for all New England cottontail-specific loci used in this
study. Each multiplex was run in a 15 μl reaction and included 3 μl of eluted genomic DNA, 5X
PCR buffer (Promega), 0.1 mM of deoxyribonucleotides, and 2 units of Taq DNA polymerase.
Multiplex

A

B

C

Locus

Primer
Concentration
(M)

MgCl2
(mM)

Annealing
Temperature
(°C)

Str08
Str18
Str41
Str46
Str02
Str10
Str24
Str26
Str30
Str32
Str15
Str19
Str25
Str43
Str49

0.42
0.21
0.21
0.26
0.16
0.16
0.21
0.26
0.26
0.26
0.21
0.32
0.32
0.21
0.26

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
1.5
1.5
1.5
1.5
1.5

59
59
59
59
59
59
59
59
59
59
58
58
58
58
58
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